Novel mixed conducting oxides for solid oxide fuel cells (SOFC's) applications by Bemuy-Löpez, Carlos
Novel Mixed Conducting 
Oxides for Solid Oxide Fuel 
Cells (SOFC’s) Applications
Thesis submitted in accordance with the 
requirements of the University of Liverpool for the 
degree of Doctor in Philosophy
by
Carlos Bemuy-Löpez.
August 2008
" Copyright © and Moral Rights for this thesis and any 
accompanying data (where applicable) are retained by the 
author and/or other copyright owners. A copy can be 
downloaded for personal non-commercial research or study, 
without prior permission or charge. This thesis and the 
accompanying data cannot be reproduced or quoted 
extensively from without first obtaining permission in 
writing from the copyright holder/s. The content of the 
thesis and accompanying research data (where applicable) 
must not be changed in any way or sold commercially in any 
format or medium without the formal permission of the 
copyright holder/s. When referring to this thesis and any 
accompanying data, full bibliographic details must be given, 
e.g. Thesis: Author (Year of Submission) "Full thesis title", 
University of Liverpool, name of the University Faculty or 
School or Department, PhD Thesis, pagination."
A mis abuelos, en especial a 
Luis y Carmen, quienes lucharon 
para que yo llegara hasta aquí.
Abstract
This thesis describes the search for new mixed conductors as 
potential anodes and cathodes for applications in Solid Oxide Fuel Cells.
Several compounds have been synthesised and characterised by 
means of different diffraction techniques (X-Rays, neutrons and electrons), 
high resolution electron microscopy and electrical measurements (AC 
Impedance Spectroscopy and DC resistivity measurements).
Chapter 3 describes a study of Sr2MgMoC>6-8 which is shown to 
adopt a h  ap x V2 ap x 2 ap superstructure of the simple perovskite cell, 
derived from an a°a°c" tilt system via distortion of the Mg- and Mo-centred 
octahedra. It is also shown that the reduction of Sr2MgMo06-8 appears to be 
correlated with antisite disorder at either point or extended anti-phase 
defects. In chapter 4, it is shown that Sr2M gM o06-8 undergoes a phase 
transition at high temperature (200-300 °C) from a triclinic II structure to a 
cubic F m 3 m one. Upon reduction above 900 °C, Sr2MgMoOfi-8 begins to 
decompose into a reduced material modelled as an n = 2 R-P phase 
Sr3(MgxMoi.x)207-s. Chapter 5 describes attempts to synthesise this phase 
which were ultimately unsuccessful though it was produced as the majority 
phase (Sr3Mgo.5Moi.507-8) in the presence of Sr2M gM o06-s and the pseudo- 
perovskite SriiMo40 23. High resolution electron microscopy (HREM) 
showed the presence of numerous defects in the n = 2 R-P phase matrix. In 
chapter 6, Srn Mo40 23 was reported as a new pseudo-perovskite type 
structure phase which seems to adopt a complex triclinic structure at room 
temperature and HREM showed the presence of numerous defects and 
twining phenomena which could explains the complexity of this structure. It 
was also shown to undergo a structural transition at 600 °C to a cubic
F d 3 m  structure. The material is an ionic conductor over die 500-600 C
temperature range, affording an oxide ion conductivity of 10 S cm .
Chapter 7, investigates doping in the system Lai+xSri-xNixAli-x04 for 
values 0 < x < 0.2. LauSro.9Nio.1Alo.9O4 (LSNAO_0.1) and
La, 2Sro.8Nio.3Alo.sO4 (LSNAO_0.2) adopt an I4/mmm tetragonal structure. 
Both materials were shown to be electric conductors with only a very low 
ionic contribution. Finally in Chapter 8 the synthesis of both BigC^Ozu and 
Bii7Cr8Sr7044.5 is presented. These are described as fluorite-type structure 
with numerous extended defects in their structure. BigC^O^s was shown to 
be an electrical conductor without any ionic contribution and BinCr8Sr7044 
5 was shown to have a small ionic contribution to the overall conductivity at
453 °C.
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Chapter 1: 
Introduction
1.1. Solid Oxide Fuel Cells (SOFC’s): history 
and limits.
During recent decades, the future of power generation has been an 
active concern around the world. The rapid development of populous third- 
world countries such as China, India and other South-East Asian countries 
have increased the international demand which it has mainly come from the 
fossil energy resources. Fossil fuel power generation is becoming 
unsustainable due to the limited sources of fossil fuels and the 
environmental problems associated such as global warming. Renewable 
energy sources and the development of new technologies such as fuel cell 
are crucial in order to find an alternative to these limited fossil fuels. Fuel 
cells are currently thought to be a good alternative for power production. 
They can use hydrogen as fuel which gives to the world an alternative and 
clean power source with many diverse applications.
The first reports in the literature on this subject date back more than 
a century. In 1839, Sir Williams Grove1 reported a hydrogen fuel cell which
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is considered the first fuel cell constructed from ceramic materials. Then, in 
the late 19th and early 20th centuries2-4, the Nemst lamps were demonstrated 
which were the first devices to utilise an oxide ion conducting material. 
Later, in the 1930s, a large amount of research on solid electrolytes was 
carried out and a solid electrolyte fuel cell was presented by Baur et al5. 
However, it was not until the 1960s that generation of electricity from a 
“solid electrolyte fuel cell” 6 was demonstrated by what is now known as 
Siemens.
The Solid Oxide Fuel Cell (SOFC) is an electrochemical conversion 
device which permits the generation of electric energy from the oxidation of  
a fuel7,8. An SOFC cell consists of ceramic materials: cathode, electrolyte, 
anode and interconnect. Figure 1 shows a schematic of a solid oxide fuel 
cell showing the different elements that form these devices. The oxidant is 
admitted to one side o f the cell and comes into contact with the cathode. 
Here the reduction o f oxygen to O2" ions takes place. These ions then diffuse 
through the electrolyte to the anode where they can electrochemically 
oxidize the fuel. If hydrogen is used as the fuel, water and two electrons are 
produced. These electrons then flow through an external circuit where they 
can generate the desired electrical energy and reduce oxygen at the cathode.
The cells, represented in Figure 1, are only a few millimetres thick. 
Each cell generates only a few volts and therefore, hundreds o f these cells 
are connected together in order to form what is known as a “SOFC stack”. 
Another important factor is the temperature these devices need to operate at. 
In order to obtain good performance they typically need to run between 600 
°C and 1000 °C in order to become sufficiently electrically and ionically
2
conducting and electrochemically active in order to efficiently generate 
electricity.
Solid Oxide Fuel Cell
Figure 1. Schematic o f a solid oxide fuel cell (SOFC) showing the different 
parts and the path that the electrons follow in order to obtain the electric 
energy.
1.1.1. Applications.
Many applications o f SOFCs have been suggested9. Of these most 
are energy-related applications which have been widely reported. Amongst 
these many examples10 of application o f SOFC for stationary energy sources
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or to generate electric power for transport. The demand for electricity 
around the world is calculated to be double in the next 20 years11 due to the 
increase in the worldwide population and the economic development of new 
economies discussed previously. This technology could provide electric 
energy to many facilities such as homes, hospitals, schools, etc... 
Nowadays, there are many companies working on developing the solid 
oxide fuel cells, e.g. Siemens6 and Ceramic Fuel Cells.
Another sector where Solid Oxide Fuel Cells could have an 
important role is transport. There are about 600 millions vehicles around 
the world and it is calculated that this number will increase by 30 % in the 
next 10 years12 due to the same factors discussed previously. Furthermore, 
nowadays there is increasing concern about the environmental impact of the 
current emissions of this sector. SOFC technology could contribute to create 
less polluting cars by means of, for instance, auxiliary power units (APU). 
Car manufacturers such as Volvo & BMW are investing significant amounts 
in order to develop this technology.
1.1.2. Components.
The Solid Oxide Fuel Cell was previously defined as a chemical 
device made o f four components: cathode, electrolyte, anode and 
interconnect. In the next sections, we will describe the function of each part,
4
their required properties and examples of materials reported as promising 
for SOFC components.
1.1.2.L The cathode.
The cathode of the Solid Oxide Fuel Cells devices is where the 
oxygen reduction occurs. This reaction can be written as follow:
U ) 2+ V? + 2e~
where V states for a vacancy site, • for a single charged and X  for null 
charged.
Promising cathode materials must be chemically stable under the cell 
operating temperature conditions and under the oxidising atmosphere 
environment present on the cathode side o f the cell. It must also be a good 
electronic conductor and have fast oxygen reduction kinetics. In addition, it 
is also required to be compatible with the other cell components. The 
electrode itself must have a stable porosity in order to allow effective 
diffusion of oxygen.
The most commonly applied material as the cathode material is the 
perovskite-based material Lai_xSrxMn0313. The best electronic conductivity 
and compatibility with the other SOFC components have been found for 
values between x = 0.2 - 0.3, although is insufficient for operation at
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temperatures below 800 °C14. In order to solve this problem mixed 
electronic conducting materials such as the perovskite 
Lao.6Sro.4Coo.2Feo.8C>3-815’16 (LSCF) have been developed. It has a very good 
diffusion of the oxygen to the electrolyte; although reacts with the typical 
yttria stabilised zirconia (YSZ) electrolyte material to form some non- 
conductive phases. These materials also display very high oxide ion 
diffusivities: although reaction with the (YSZ) electrolyte material to form 
non-conductive phases is a barrier to their application17. Other examples of 
materials reported as good cathodes are BaosSrosCoo.gFeo^Os^18, the 
perovskite SmosSrosCoCh'9 or the Ruddlesden-Popper phases
La2.xSrxNi044>2°
1.1.2.2. The electrolyte.
The oxide ion is transported from the cathode to the anode through 
the electrolyte. The electrolyte materials must be good ionic conductors but 
have a low electronic conductivity in order to obtain low resistive losses. 
They must be stable under a large range of oxygen partial pressures: 
reducing atmospheres in the anode side (p02 ~  10‘21 atm) and oxidizing 
atmospheres in the cathode side (p 02 ~  0.2-1 atm). As has been mentioned 
for the cathode, the electrolyte must be chemically compatible with the 
other components of the cell. They must also be dense materials in order to 
avoid all possible loss of gas.
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Yttrium stabilized zirconia (YSZ)21 is the most widely applied 
electrolyte material due to its pure ionic conduction and its chemical 
stability in both oxidised and reduced atmospheres22. However, its 
performance is not so good at a temperature range lower than 700 °C where 
its ionic conductivity decreases. Gadolinium doped ceria compound 
(GDC)23 has also been suggested as an electrolyte materials due to its very 
good ionic conduction24, although these compounds present electric 
conduction under reduced atmosphere due to the formation of Ce3+25.
Many other materials have been suggested as alternatives to YSZ26’27 
amongst the most promising are the Sc-stabilised-Zirconia, ScxZri-x02-x/2 
with an ideal doping level o f x = 0.08-0.1128, the perovskite oxide 
Lao.8Sro.2Gao.8Mgo.2O3 (LSGM)29 or systems based on the brownmillerite 
Ba2lnOs30 All these materials have been reported to have conductivity at 
intermediate temperatures, good chemical stability and negligible electronic 
conduction over a large range o f oxygen partial pressures.
I.I.2.3. The anode.
The anode of the Solid Oxide Fuels Cell is where the oxidation of 
the fuel takes places. As it is shown in Figure 1, the reactions that take 
places at the anode can be written as follow:
7
H 2+Og o f f 20  + v “  + 2e
where V states for a vacancy site, ■ for a single charged and X  for null 
charged.
Anode materials must be stable in reduced atmospheres. They must 
also have a good electronic conductivity and good electrochemical kinetics 
in order to provide low polarization resistance at the operating temperatures. 
As with the electrolyte and cathode materials, the anode materials must be 
chemically compatible with them and stable at both the operating and 
fabrication temperature. In the same manner than the cathode, the anode 
must have a good porosity in order to allow the gas access through it.
Cermets are composite materials constituted of a ceramic part and a 
metallic part. The most widely described are Ni-YSZ31’32 cermets which 
show good performance at high temperatures («1000  °C). However, these 
materials have several disadvantages: the formation of carbon deposits when 
hydrocarbon fuels are used and sulfur poisoning of the anode. In order to 
find a solution to this problem other Co or Ru-based cermets33 have been 
suggested. Although they have good properties they are too expensive for 
practical applications. Several attempts to find cheaper materials for novel 
anode have been reported in the literature such as Ceria, particularly doped 
with Gd2(>3 or Sn^Os25’34 and some perovskite structures materials such as 
some doped-LaCrOs oxides35’36, Sr2MgxMni.xOf,  ^ oxides37, 
Lao.75Sro.25Cro.5Mno.5O38’38 and La2Sr4TifiO 19-£39-
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1.1.2.4. The interconnect
The interconnect is also a crucial part in the Solid Oxide Fuel Cells. 
It links the hundreds o f SOFCs cells into stacks. It must be stable in both 
reduced and oxidised atmospheres, must have a good electronic conduction 
and a high thermal conduction coefficient in order to prevent temperature 
gradients in the cell.
The most common material used for this component of the Solid 
Oxide Fuel Cells is lanthanum chromite (LaCrOs) doped40 with some 
alkaline-earth elements in order to improve its electronic conductivity. 
Some other materials can be found in the literature reported as good 
interconnect material such as the spinel Mn1.5C01.5O441.
1.2. Description of structures.
1.2.1. Perovskite structure.
Many oxides used as cathode or interface materials are related to 
perovskite structure. Perovskites have the general formula ABO3 and are 
ideally cubic in Pm3m space group42. The structure can be described as a 
cube in which the eight vertices are occupied by the B cation, at the centre 
by the A cation and at the centre of the edges by the oxygens. The A-cations
9
are surrounded by 12 oxide ions and the B-cations are in octahedral 
coordination (Figure 2). The A-site is most commonly occupied by alkaline, 
alkaline earth ions or rare earths ions and more rarely by post-transition 
elements (Tl, Bi). The B-site is occupied by a transition metal. The B 0 6 
octahedras are linked by the vertices, forming a BO3 network which has 
cavities (the perovskite holes) occupied by the A-cations.
Figure 2. Structure o f the typical perovskite SrTiOj. The Sr2+ ions are 
marked in orange, the Ti4+ ions in blue and the O2' in red43.
The vast majority o f perovskites are not actually cubic. This can be 
understood by considering the ionic radii of the ions. The tolerance factor 
given by Goldschmidt44 defines the size limit of the cation in order to 
achieve a stable perovskite:
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t=  Ra +R0 _  2
V2(J?b + /?,,)
where RA, Rb and Ro are the ionic radii of A, B and O ions respectively. 
Geometry tells us that for t = 1, one would obtain and ideal cubic 
perovskite. However, it is still possible to obtain a stable perovskite for 0.75 
< t <  1.
The perovskite structure is so common due to its flexibility in 
allowing deformations o f itself, in this manner a lot of substitutions in the 
cation-sites and non-stoichiometry by creation of oxygen vacancies in the 
cation and anion-sites often encountered. This is particularly common when 
the B-cations exhibit potentially different co ordinations (octahedral, 
tetragonal, pyramidal, etc).
When t < 1, the (M-O) bonds would be under compression and the 
(A-O) bonds under tension. The structure alleviates these stresses by a 
cooperative rotation of the octahedra that lowers the space group
symmetry from cubic (Pm3m). Glazer45,46 identified 15 tilt systems that are 
possible and their space groups. At the highest temperatures, perovskites are 
often cubic; transforming to a lower symmetry on cooling which introduces 
twins, which can make the determination of the local structure difficult.
Given their inherent compositional flexibility many compounds have 
interesting properties as potential anodes or cathodes for solid oxide fuel 
cells applications. In order to achieve these properties, the main strategy has 
been to dope some materials to create oxygen vacancies or interstitial 
oxygens. Some examples o f this type o f compounds are CaTi0347, SrTij.
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doped-LaA103, doped-LaScCh,xFexC)348’49,  c03, doped-LalnCb30, 
La0.3Sro.7Fe(Ga)03^ 51’52, LaGa1.xNix0 3-g53, doped-PrGa0354 and La,_ 
xMexCoOs-g (Me=Sr,Ca)55 reported as good mixed conductors; 
Lai.xSrxCoo.2Feo.80356’57, doped-SrCe0358, doped-BaCe0359 reported as good 
proton conductor; Lao.9Sro.1Gao.8Mgo.2O2.8560 reported as a good electrolyte, 
doped-LaCo0329,53,61'64 or Sro.8Ceo.1Feo.7Coo.3O3 / 5 reported as good 
cathode materials and (Lao.75Sro.25)Cro.5Mno.503_566 reported as a good anode 
material.
50
1.2.2. Layered compounds: Ruddlesden-Popper (R-P) 
phases.
From the perovskite structure, it is possible to form complex 
intergrowths with the NaCl-type structure (Figure 3). When one or more 
layers of NaCl are present between perovskite blocks a large family of 
structures can be formulated as:
(A '0 )? a (AM 02_ X
where n and m represent the number of NaCl and perovskite layers 
respectively forming the intergrowth (M is a transition m etal).
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Perovskite block
NaCI layer
Figure 3. Assembly o f Perovskite and NaCl-type structures.
Intergrowths o f a single NaCl-type layer with a perovskite-type layer
have idealised structures: where a = b ~  3.9 A and c = 2 • (n • ap + ^  • aNaC]) .
The first family of intergrowths phases formed by this structural motif were 
described by Ruddlesden and Popper in the family Srn+iTin03n+i 
(corresponding to (SrO )(SrTi03)n)67,68.
Experimentally it appears difficult to establish a long range order at 
large distance between the NaCl-type layer and examples with more three 
perovskite layers are rare. A schematic representation of the Ruddlesden- 
Popper type structures, corresponding to the terms n = 1, 2  and 3 in the 
system Srn+iTin03n+i is presented in the Figure 4 .
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(a) (c)(b)
Figure 4. Representation o f the three first members o f the Ruddlesden- 
Popper series o f the Srm+]Tim03m+i system: (a) n = 1 S^TiO^ (b) n = 2 
SrfT'^Oj and (c) SrfTiiOio9.
Many of these compounds have been reported in the literature as 
good mixed conducting oxides. Some examples of these materials are 
LaSr3Fe3.xCoxO10(0 < x > 1.5)70, Sr3Fe20 6+s71, Pr2N i0 4+672, Na2La2Ti3O1073, 
Srn+i(Tii-xInx)n03n+i-nx/2 (in = 1,2 and oo) , Ca4Mn3Oio ,
Sr2.xNdi+xMn20 778, Sr2LnMn20 7 (Ln = Y, La, Nd, Eu, Ho)79, La2N i0 4+g80'83.
1.2.3. Fluorite-type structure.
The Fluorite (AB2) structure contains A ions in a cubic closest- 
packed arrangement with B ions occupying the tetrahedral holes (Figure 5).
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Figure 5. Fluorite type structure with the A ions in green and the B ions in 
reef4.
As with perovskite this structure type is also very flexible with 
respect to substitution and composition. Several compounds which exhibit 
this structure type have been reported in the literature as good mixed and 
ionic conductors and as potential anodes and cathodes for application for 
solid oxide fuel cells85,86. Some examples of these compounds are the MO2 
oxides (M = Hf 4+, Zr4+, Ce4+, Th4+, U ^ )87, C e ^ G d x C W 8, Ceo.sNdo.2O2- 
889., Ceo.sREo.2O19 (RE = La, Nd, Sm, Gd, Dy, Y, Ho, Er and Yb)90. Many 
materials based on the high temperature form of Bi203, which also adopts 
the fluorite structure, such as Bio.75Sro.25O1.37591, Bi3Nb0792 or Bi5. 
xLnxNbOio (Ln = La, Gd and Y)93 as good electrolyte for solid oxide fuel 
cells applications (Figure 6).
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Figure 6. Logarithm of the conductivity versus the inverse of the 
temperature for BisNbOy.
1.3. Scope of this thesis
The objective of this thesis work is the exploration of materials with 
mixed conducting properties with potential for solid oxide fuel cells 
applications.
Chapter 1 gives an introduction to the solid oxide fuel cells: their
components and main applications. This chapter also contains a description 
of the structures studied during this thesis. Chapter 2 presents all the 
experimental techniques used during this thesis.
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Mo-based compounds have been investigated due to Mo’s 
multivalent character. Studies of the structural and mixed conducting 
properties of Sr and Mo based perovskite oxides form the basis of Chapter 
3 , Chapter 4 , Chapter 5 and Chapter 6. This work has been carried out with 
the help of Mathieu Allix (Liverpool) and Denis Pelloquin (Caen) in all the 
transmission electron microscopy; and Xiaojun Kuang (Liverpool) and 
Natalia Bellido Vera (Caen) for the physical property measurements.
One common strategy to obtain new materials with interesting 
properties is the doping of known materials. In the second part of this thesis, 
doping of Ruddlesden-Popper structures and fluorite-type structures was 
investigated. Chapter 7 and Chapter 8 present some doping strategies in 
the Ruddlesden-Popper phase LaSrA104 & the fluorite-type material Bi203 
respectively. Synthetic, chemical structure and physical characterisation 
details will be given for these new materials. This work has been carried out 
with the help of Mathieu Allix (Liverpool) and Denis Pelloquin (Caen) for 
the transmission electron microscopy; and Matthew Suchomel (Liverpool) 
and Xiaojun Kuang (Liverpool) with the physical property measurements.
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Chapter 2: Experimental
2.1. Synthetic methods.
The ceramic method has been used to synthesise the materials 
presented in this thesis1'3. Stoichiometric quantities o f the starting materials, 
oxides and carbonates, were weighted and then mixed and ground using an 
agate mortar (Table 1). In order to improve the homogeneity o f the mixture 
materials were mixed in acetone during grinding. For larger samples to 
improve the homogeneity of samples rolling mill was used. The samples 
were introduced into polythene bottles with yttria stabilised zirconia 
grinding media. Acetone was added and the bottle rotated. A cascading 
effect grinds the material to produce a fine powder. Generally several hours 
are sufficient for this effect. Once the acetone had been evaporated the 
mixture was pelletised into bars or pellets, with a mechanical uniaxial press 
to a pressure of I t/cm2 in order to achieve compact materials. The 
dimensions of the bars were typically 2 x 2 x 10 mm and for pellets 
diameters were 13 mm, 10 mm or 8 mm, depending on sample size and 
application.
The samples were then placed in alumina crucibles and calcined at 
high temperature. In some the cases, platinum foil to isolate the sample from 
the crucible and avoid reaction with the crucible at high temperature was
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used. Samples were calcined under various atmospheres depending on the 
desired products: air, 5 % H2/N2, 0 2.
Manipulations of air sensitive samples and reagents were carried out 
using Mbraun labmaster 130 dual user glove box. The system offers a 
working area where experiments can be carried out in a pressure controlled 
inert gas atmosphere. The operating gas employed was helium.
Residual water and oxygen did not exceed ~1 ppm due to a gas- 
purifying unit comprising of columns of molecular sieves and a copper 
catalyst. These were regenerated by heating under a flow of 10% hydrogen 
in nitrogen periodically. As a qualitative guide to the atmosphere quality, a 
25 W light bulb with a hole in the outer casing was used to gauge oxygen 
levels within the working area. Bulb lifetimes greater than 48 hours were 
taken to indicate an atmosphere of sufficient quality.
In order to control the oxygen stoichiometry some materials were 
synthesised in sealed silica tubes under vacuum. The samples were placed in 
alumina crucibles in order to avoid the reaction with the silica tubes. In 
some of the cases it was found that the alumina crucibles reacted with the 
samples and therefore platinum tubes were used in order to protect the 
sample. The samples were then calcined at high temperatures, reactions 
using sealed silica tubes were heated and cooled at 1-2 °C/min to avoid 
potential failure of the tubes.
Repeated cycles of grinding and calcination were carried out to 
achieve complete reaction.
Ceramics used to perform the physical measurements were uniaxilly 
pressed into pellets and calcined at successively increased temperature from
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250 °C to 1000 °C until a density o f 85-90 % was obtained. In some of the 
cases, these treatments were not sufficient and pellets were formed an 
isostatic press. The densities of the pellets were obtained from the weight 
and measured dimension of the pellets.
2.2. Diffraction techniques.
2.2.1. X-Ray Diffraction.
X-rays are electromagnetic waves with much shorter wavelength 
than visible light. The principles of Powder X-Ray Diffraction (PXRD) are 
very well described in the literature4'7, some of the key factor will be briefly 
described below.
Diffraction results from the periodic nature of atoms or molecules 
within a crystal structure. This means that a crystal can act as a three- 
dimensional diffraction grating to radiation of a wavelength comparable to 
the periodic repeat. For constructive interference to occur, Bragg’s law must 
be satisfied (Equation 1).
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(1)
Equation 1. Bragg’s Law where dhki is the interplanar spacing o f the 
crystal, 9 is the X-ray incidence angle (Bragg angle) and A is the wavelength 
of the characteristic x-rays.
The Bragg approach to diffraction is to regard crystals as series of 
semitransparent planes. These planes reflect some X-rays with the angle of 
reflection equal to the angle o f incidence.
X-Ray diffractometers produce an incident beam of photons with 
various wavelengths via excitation on a metal target with electron. The 
choice of metal target within the X-Ray tube determines the resultant 
wavelength based on the characteristic X-ray emission wavelenghts. The 
most commonly used targets are cobalt, copper, chromium and 
molybdenum, offering incident beams with a wavelength varying from 
-2 .29 to 0.7 A respectively.
Figure 1 illustrates a general laboratory X-Ray diffractometer. This 
diffractometer has a source of monochromatic radiation and an X-Ray 
detector. This detector is placed on the circumference of a graduated circle 
centred on the powder sample. In order to collimate the X-Ray beam and 
reduce background noise, divergent slits are placed between the source and 
the sample and receiving slits between the sample and the detector. The 
detector and the sample are mechanically coupled by means of a 
goniometer. In order to obtain monochromatic radiation a crystal 
monochromator can be used to select a particular emission line, in older
2 d h k l < m 9  =  n l
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diffractometers an absorber was used instead with an edge chosen to remove 
other characteristic emission lines, these can be placed before or after the 
sample. The signals from the detector are converted into a continuous 
current and read by an output device.
Figure 1. General scheme o f an X-Ray diffractometer8.
Three laboratory diffractometers have been used during this work: a 
STOE STADI P Bragg-Brentano geometry laboratory X-ray diffractometer 
with Cu Kai (k = 1.5406A) radiation, a Panalytical X-pert pro diffractometer 
with Co K„i (k = 1.7890A) radiation source and a Philips X ’Pert pro 
diffractometer with Cu Kai and Kca (Ai = 1.5406 A and kj = 1.5443 A) 
radiation.
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STOE STADI P - Bragg-Brentano geometry diffractometer 
combined a focused Cu divergent incident beam from a curved quartz 
monochromator o f the Johansson-type with a position sensitive detector 
(PSD) or scintillation counter. The 2-circle diffractometer had an extremely 
high angular accuracy of better than 0.001“. The system provides high 
angular resolution data for powders.
The diffractometer had a computer-controlled lead covered shutter, 
which allowed the incident beam to travel down the beam tube and a 
stainless steel collimator. The sample was placed on a zero background 
plate, and placed on the sample stage on the goniometer. The sample was 
then rotated. The diffracted X-ray photons were detected by a linear PSD 
with a counting gas comprising of a 90% Ar and 10% methane.
The PSD collects an angular range of 20 = 6.5 -  7“ and it was used to 
collect data in steps width of 0.1“-  1“. Signals were recorded via a delay line 
which comprises of a series of electrical sensors created on the counting 
wire. Due to the ionisation of the counting gas by incoming X-ray photons, 
electrical currents are induced in the delay line and move towards the ends 
of the conducting delay line, where the pulses arrive at different times. This 
time delay is measured for each incoming photon and allows the 
determination to its exact location on the delay line.
The Panalytical X ’pert Pro Alpha'1 system offers the user the ability 
to switch the position of the ceramic Co X-ray tube with respect to the four- 
crystal germanium monochromator of the Johansson type. This allows 
several incident beam configurations, ideal for the rapid characterisation of
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a range o f materials. However, the data collected were measured using a 
monochromatic incident beam in Bragg Brentano geometry.
The diffractometer comprises of an X ’Pert PRO standard resolution 
goniometer operating in the vertical mode and 0 - 2 9  configuration. With the 
X-ray tube in the a l  position, the monochromatic incident beam was 
collimated on the sample using a variety of fixed and programmable anti­
scatter and divergence slits. The diffracted X-ray photons were collected 
using a real time multiple strip detector (RTMS). The diffracted beam optics 
could also be configured to optimise intensity using receiving slits and fixed 
or programmable anti-scatter slits.
The RTMS X ’celerator detector operates as if there are arrays o f  
over a hundred detectors at work simultaneously. RTMS technology offers 
direct X-ray detection over a wide 20 range and the ability to efficiently 
process high-count rates. This reduces measurement times for normal 
powder diffraction.
Samples were mounted on an off axis cut silicon wafer zero 
background holder and mounted on a sample spinner. Capillary and a fixed 
flat plate bracket could also be used allowing a wide variety of sample types 
to be measured.
The Philips X-pert Pro diffractometer is a theta to theta goniometer 
system operating in Bragg-Brentano geometry. This allowed the use of a 
furnace with controlled atmosphere. The incident beam contained both Cu 
Ka components (IKcc/IICci = 0.483). Two detectors were employed: a high 
count rate (500k c/s) proportional detector in conjunction with a curved
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graphite monochromator for precision measurements and a position 
sensitive detector for high speed measurements.
The multichannel detector had an angular aperture 2.121° and 
allowed data to be acquired up to 100 times faster than with the proportional 
detector. The primary optics could include Soller slits of 0.04 or 0.02 
radians, an attenuator, a set o f divergence slits of between 1/16° and 2° and a 
set of anti-scatter slits of between 1/16° and 2°. The secondary optic could 
include Sober slits of 0.04 or 0.02 rd, a Kp filter, and anti-scatter slits of 
between 1/16° and 2° when the proportional detector is used and between 
0.1 and 5 mm when the X ’Celerator detector is used.
The advantage of the Philips diffractometer is the possibility of 
making quick scans of fifteen minutes approximately. All these scans are 
good enough to test the quality of the sample, to refine the cell parameters 
and to see the presence of possible impurities with the utilisation of the 
X ’Pert HighScore software from PANanalytical.
Standard identification scans were performed in the angular range 
between 4° and 90° with a step of 0.017° and took fifteen minutes. These 
scans were used for phase ID and indexing. In order to perform structural 
refinements long scans were collected in the angular range between 5° and 
140° with a step of 0.017° and duration of 4-5 h.
2.2.2. Synchrotron X-Ray Diffraction.
X-rays produced by a synchrotron source can be used for high- 
resolution powder diffraction experiments. In a synchrotron electrons are
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accelerated close to the speed o f light. At the SRS the synchrotron 
comprises of a 2 GeV electron storage ring, operating at circulating currents 
up to 250 mA and a lifetime o f up to 24 hours. In the storage ring the 
electrons are maintained in an approximately circular path by a series of 
magnets. When the electrons are deflected by one of these magnets, they 
emit intense radiation tangential to the ring over a wide range of energies 
including X-ray wavelengths. The synchrotron light spectrum emitted from 
bending magnets and insertion devices such as high field superconducting 
wigglers produces white beams in varying spectral ranges ideal for a variety 
of experimental applications.
Synchrotron X-Ray data9 were collected for some o f the samples at 
the Station 9.1 of the SRS10, Daresbury Laboratories (UK). The Station has 
two principle modes of operation as a conventional 2-circle powder 
diffractometer or using an image-plate for time resolved measurements. 
Only the former was used during the work described in the thesis. The 
monochromator is a Si (111) channel-cut crystal maintained at a 
temperature of 30°C providing a wavelength range from 0.4 A to 1.7 A. Due 
to the absorbing nature of the samples wavelengths of 1.0 A or shorter were 
typically used.
2.2.3. Neutron diffraction.
Neutron diffraction is a powerful technique used to determine the 
structure of the materials. Since, neutrons are uncharged particles, they have 
considerable penetrating power. The atomic scattering factors for X-Rays
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increase proportionally to the number o f electrons while this is not the case 
for neutrons. For neutrons, although there is a small increase of nuclear 
scattering factor with the mass number of the element, this is largely 
obscured by resonance effects which vary in a random manner for the 
different nuclei. The difference between the relative size o f cross-sections 
(scattering factor) for X-Ray and neutron is illustrated in Figure 2.
X-Ray cro ss section
Q O °  o o  o  o
Neutron cross section
Figure 2. Difference between the relative sizes of the cross-sections between 
X-Ray and neutron for some elements.
As a consequence, neutron diffraction is more sensitive to the lighter 
elements like oxygen or hydrogen than X-Ray diffraction. In this respect, 
these two techniques are complementary. Another main difference between 
X-ray and neutron is related to the size of the electron cloud/nucleus. While 
the electron cloud has dimensions of about 1 A, which is comparable with 
the X-ray wavelength, the radius of a nucleus is about 4 orders of magnitude 
smaller. Thus the nucleus may be considered a point scatterer giving rise to
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no decrease with scattering angle of the neutron scattering factor. 
Additionally the neutron carries a spin allowing it interact with spins in the 
material and give information on the magnetic properties o f materials.
Neutron diffraction data have been collected on two neutron 
diffractometers at ISIS11 at Rutherford Appleton Laboratory (UK): HRPD 
(High Resolution Powder Diffraction)12 and POLARIS13.
HRPD, is almost 100m from target station one at ISIS, this long 
flight path provides good energy resolution target and in turn a Ad/d 
resolution of ~ 4 x 10"4 which is effectively constant over the wide d- 
spacing range available. The main advantage of HRPD is its ability to 
resolve peaks resulting from small crystallographic distortions and due to its 
constant resolution as a function of d allowing peaks be resolved from 
complex materials at shorter d-spacing, where short wavelength neutrons 
from the ISIS target allow the collection of data at d-spacing below 0.6 A.
POLARIS is the medium resolution, high intensity powder 
diffractometer, and is the ideal complement to HRPD. POLARIS is 
optimised for the rapid characterisation of structures, when small amounts 
of materials are available ( <1 mm ), or when the collection multiple data 
sets is required (with data collection times down to ~5 minutes), where the 
ability of time-of-flight powder diffraction to collect an entire diffraction 
pattern at a single, fixed scattering angle is very useful.
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2.3. Transmission Electron Microscopy (TEM)
techniques.
During this work microstructural studies by Transmission Electron 
Microscopy (TEM) techniques have carried out in order to complement the 
X-Ray and Neutron diffraction studies. From single phases, a structural 
model can be obtained by means of direct methods and the refinement of X- 
ray and Neutron diffraction data. Nevertheless, for nearly pure samples or 
materials including complex microstructural effects (for instance extended 
defects) an initial model is needed in order to start this structural analysis. 
Electron microscopy combining electron diffraction (ED), image contrasts 
(HREM) and local chemical analysis (EDS) modes is a very useful 
technique to obtain initial compositions and structural information, the final 
structural analysis is a result of combining both microscopy and diffraction 
techniques14.
Four electron microscopes have been used during this work: JEOL 
200CX, JEOL 2010, JEOL 2000FX and JEOL 2010 FEG. The electron 
beam is produced from a LaB6 crystal (heat gun) in the three first cases and 
for a metal gun under field (cold gun) in the case o f the JEOL 2010 FEG 
(field emission gun) microscope, all heated under vacuum and accelerated 
under a potential o f 200 kV to produce an electron beam with a wavelength 
of about 0.027 A.
The electrons interact with the sample in several ways (Figure 3). In 
transmission electron microscopy, mainly the elastically scattered electrons
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are used, either for diffraction mode or for image mode. Electrons absorbed 
by the sample are exploited using energy dispersive spectroscopy (EDS) to 
analyses the X-rays emitted for the sample. These X-Rays are produced due 
to the excitation produced by the beam in the sample.
Thus the microstructural and local chemical studies of the materials 
can be probed using the three functions of the TEM: electron diffraction 
(ED), high resolution images (HREM) and energy dispersive spectroscopy 
(EDS) analysis. Intergrowth mechanism, ordered and disordered structural 
defects and the building of structural models in the cases of large structures 
have been widely explored using this technique.
Incident electron beam
X-Ray
Auger electrons
Backscattered electrons 
Secondary electrons
Elastically scattered electrons
E’ Inelastically scattered electrons (E ’< E) 
Transmitted electrons
Figure 3. Different radiation electron-matter interaction. In the case o f the 
inelastically scattered electrons, a part o f the energy is transferred to the 
sample.
Another advantage of the TEM is that it is possible to examine 
individual crystallites in a polycrystalline sample and to detect the presence 
of secondary phases by analysing the sample on the scale of individual
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crystallites. Diffraction studies are also powerful in revealing the presence 
of other diffraction phenomenon such as diffuse scattering, satellite peaks of 
low intensity and the presence of domain structures. This technique is a 
particularly powerful tool in order to determine the structure of the layered 
compounds studied in this thesis. It is important to notice that, like in all the 
microscopic techniques, in order to correlate observations to macroscopic 
properties a statistically valid number of crystals need to be studied to be 
representative of the bulk material.
2.3.1. Experimental Conditions.
The samples are ground under n-butanol. A drop of the suspension 
containing microcrystals was deposed onto a copper or nickel grid 
previously coated with a porous carbon film. This grid was then introduced 
into a sample-holder.
The majority of the electron diffraction studies were performed on a 
JEOL 200CX equipped with a eucentric plate (inclination ± 60°) and a tilt- 
rotation sample-holder. The high resolution images have been recorded 
from a JEOL 2011 FEG (resolution of 2.3 Â) microscope equipped with a 
eucentric plate (inclination ± 45°) and a tilt-rotation sample holder. Both 
microscopes operate at 200 kV.
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2.3.2. Diffraction mode.
The diffracted electrons are focused at the focal plane of the 
objective lens (Figure 4). This image of the focal plane magnified by some 
intermediate lens leads to the electron diffraction pattern.
The formation o f the Ewald Sphere in the reciprocal space is used in 
order to describe electron diffraction. If we consider a sphere with r = \ik, 
the Bragg condition will be satisfied for each reciprocal lattice point of the 
sphere. As the wavelength of the electrons is smaller (typically A. = 0.025 A 
at 200 KV), the Ewald Sphere’s radius is large. Therefore, the electron 
diffraction patterns are to a first approximation undistorted projections of 
the reciprocal planes (Figure 5). Studying several o f these planes together 
allows the study o f reciprocal space and therefore it allows to define of the 
cell parameters, the reflection conditions and in consequence the space 
groups.
Incident electron beam
Figure 4. Path o f the diffracted electrons into a transmission electron 
microscope.
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Incident electron beam
Figure 5. Scheme showing the relation between the interplanar distances 
and the distance (R) measured in the film.
2.3.3. High Resolution Mode.
High Resolution Electron Microscopy (HREM) is a technique which 
allows to obtain image contrasts at atomic resolution. These images are 
obtained by multiple interferences in the image plane between the incident 
beam and a set of diffracted beams. These beams are selected by an 
objective aperture placed at the level of the focal plane of the objective lens 
(Figure 4). This aperture allows the control of the nature and the number of 
beams used to form the image. As the contrast is complex, it is generally by 
studying a through focus series that it is possible to study the contrasts of 
phases and to connect them to the crystal structure.
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The contrast analysis of experimental images was done with respect 
to the simulated images. The lattice images are calculated from a theoretical 
or refined model taking in account the experimental conditions (microscope 
parameters, defocus values and microcrystal thickness). Simulation 
presented in this work were performed using Mac Tempas15.
2.3.4. Energy Dispersive Spectroscopy (EDS) analysis.
As highlighted previously, electrons interact in several ways with 
matter (Figure 3). In particular, many excited atoms are created which emit 
X-rays characteristic o f the chemical element. The analysis of different 
energy peaks allows the quantification of the chemical elements detected in 
the studied area (due to the soft X-rays emitted from the light elements this 
is only reliable for atomic numbers above 11) by determination of the 
relative intensities of the lines of each element.
The main application of this technique is to define within a few 
percent the relative proportions of the elements present in the structure, and 
it also allow detection of secondary phases presents in the materials 
(sometimes unknown and/or unidentifiable by X-ray diffraction data). This 
technique is generally applied to a number of crystals (> crystals) in order to 
be statiscally valid.
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2.4. Structural refinement: Rietveld Method,
Structural information was obtained from X-Ray and Neutron 
diffraction data by the line profiles method established by Rietveld16’17. In 
this method the crystallographic model is refined against the whole pattern 
rather than the individual Bragg peaks intensities. Fullprof18 and GSAS19 
have been utilised for the data analysis. These calculations need a starting 
structural model obtained previously by direct methods, simulated annealing 
methods or TEM observations.
In the refinement process, non-structural parameters need to be 
considered:
>  The background pattern,
>  The shift between the origin and the scale factor,
>  The cell parameters,
>  The peak profiles which describes the intensity distribution around the 
Bragg position, 20, for a particular peak. This is done using various 
mathematical functions and refinable parameters to describe the peak. 
For instance, in the case of the Pseudo-Voigt function20, the Gaussian 
components U, V, W are parameters which give an angular dependence 
to the full width half maximum of: H = Utan20 +  Vtan0 + W .
>  Asymmetry parameters introduced to describe various experimental 
corrections to the peak shape at low angles.
In addition to these, structural parameters are also refined:
>  The atom positions,
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>  The displacement atoms factors,
>  The occupancy level of the crystallography sites,
In general the examination o f the difference is the most reliable 
measure of the quality of a fit, however several reliable factors are extracted 
from the fit:
Z | y - y * l
The profile factors R p = — = -------  and the weighted profile
R —wp
Zw.fo-yj-
X w .y ,2
1/2
; where y,- is the intensity observed at 29;; y„ the
calculated intensity at 29ci and w, the weight attributed to each individual 
intensity y,-.
>  The Bragg factor R Bragg =  K — :— ; where h  and 1 ^  are the
2 A I
K
observed integrated intensity and Kth reflection intensity integrated 
respectively.
The agreement between the weighted profile factor and the 
experimental profile Rexp is given for the x value which will be close to one 
in the best of the cases, this is the quantity minimised during the refinement.
2 “
1/2
Rwp with R „n —
N - P  + C
; where N is the number of
Rexp I w iYi2
i
points of the pattern; P is the number of refined parameters and C is the 
number of constraints between the refined parameters.
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2.5. Physical property measurements
In order to perform some physical measurements materials were 
ground again and uniaxilly pressed under 300MPa pressure into pellets and 
bars as appropriate. The pellets and bars were sintered as described 
previously. Generally measurements were performed on materials of > 70- 
80 % density.
Table 2. Summary o f the densities for the materials characterised in the 
thesis.
Materials Density (%)
SrnMo4()23 >90
La i +xSn -xNixAli -x04 >90
Bi8Cr70 22.5 >80
BinCr8Sr7044.5 >70
2.5.1. Two-probe method: AC Impedance Spectroscopy.
Two probe AC Impedance Spectroscopy measurements were 
performed using a Solartron 1255 B Frequency Response analyser and a 
Solartron 1297 electrochemical interface over the a frequency range of 10 1 - 
106 Hz. Prior to these measurements, the pellets were coated with platinum 
paste on opposite faces and mounted in a simple jig which was then
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mounted in a furnace. This was then heated to 1073 K for 30 min to bum off 
the organic compounds and form platinum electrodes. Experiments were 
carried out in air from ambient temperature to 1073 K.
Impedance can be defined as the opposition o f the material to 
alternative current. Impedance plots for electroceramic materials can be very 
complex, however for most of the cases studied two different components 
will be identified as intragrain (or bulk) and intergrain (or grain boundary) 
contributions. These contributions are most readily modelled as parallel 
resistanors (R) and capacitors (C) with the various components in series 
(Figure 6). Impedance data is generally presented as plots of the imaginary 
part, (Z” which represents the capacitive part) versus the real part, (Z’ 
which represents the resistive part) of the impedance. In the ideal case, each 
component mentioned above leads to a semicircular response.
R1 R2
o _ ._AM__ __AAA_^
-------- , ,--------  --------1 i--------
Ci c2
Figure 6. Schematic representation of the RC circuits studied in the 
materials.
R is defined as the resistance and C as the capacitance and they can 
be deduced from these Z” vs Z’ plots. R is the intercepts on the Z’ axis and 
C is obtained from the following relation:
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(2)
where co is the frequency at the maximum of the semicircle.
Once the R and C have been determined, in order to assign the origin 
of the values it is generally useful in the first instance to compare the 
capacitance values with the values commonly found for various components 
(Table 3). The capacitance is also related to the relative permittivity and 
sample geometry by the relationship below:
C =  e'e0 j  (3)
where eo is the permittivity of free space, 8.854 x 10'14 F cm'1.
Table 3. Capacitance values and their possible interpretation21.
Capacitance (F) Phenomenon Responsible
10 12 bulk
10 11 minor, second phase
10'11- 10'8 grain boundary
1010-10'9 bulk ferroelectric
10'9- 10'7 surface layer
10'7- 10'5 sample-electrode interface
10A electrochemical reactions
For a material with unit dimensions (i.e. 1/A = 1 cm'1) and a typical 
relative permittivity of -  10 a capacitance value of ~ 1 x 10'1“ F would be 
expected. This is indeed a typical value for the bulk capacitance of a sample.
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Figure 7. Brickwork model o f grain and grain boundary regions in a 
ceramic placed between metal electrodes21.
On the other hand, the grain boundary response is associated with 
capacitance values o f 10*11-10"8. In order to understand this response, it is 
necessary to consider what an idealised ceramic with grains and grain 
boundaries would look like. Figure 7 shows the commonly accepted 
“brickwork” model in its most simple form it is made up of cube-shaped 
grains of dimensions b, separated from each other by a boundary of 
thickness 12. It can be shown C b  and C gb, the bulk and grain boundary 
capacitance respectively, are related by the following relation (assuming the 
relative permittivity is the same for the grain boundary and bulk):
(4)
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Thus a wide range of capacitance values from the grain boundary 
can be expected due to sample processing; relatively high capacitance 
values are expected for well sintered samples comprising large grains and 
few grain boundaries and low capacitance values from poorly sintered 
samples with small grains and many grain boundaries. These empirical 
relationships between the capacitance values and the origin o f components 
can be very useful when assigning more complex plots where the individual 
components are not clearly separated.
2 3 .2 .  Resistivity measurements.
The resistivity measurements were done using a four-probe method 
with a fixed current using a Solartron 1255 B Frequency Response analyser 
and a Solartron 1297 electrochemical interface. Prior to the DC resistivity 
measurements, the bars were mounted in a simple jig with four platinum 
electrodes (Figure 8) and placed into a furnace, which was heated to 1073 K 
for 30 min to bum off the organic compounds and form platinum electrodes.
Figure 8. Diagram showing the contacts used to do the resistivity 
measurements.
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The platinum wires under these contacts allow the current transit and 
measuring the induced voltage it is possible to calculate the resistance via 
Ohm’s Law (Equation 5). The resistivity was measured in air from ambient 
temperature to 1073 K.
V = R x l (5)
P =
A x R
L
(6)
The resistivity is determined with the Equation 6 where A is the 
sample section (cm2), L is the distance between the voltage contacts (cm) 
and R is the resistance (£1).
2.6. Thermogravimetric Analysis (TGA).
Thermogravimetric analyses were performed in order to determine 
the materials’ oxygen content or to monitor this as a function of temperature 
and oxygen partial pressures by monitoring the sample weight as a function 
of temperature. Measurements were carried out in oxidising atmospheres
(O2) or reducing atmospheres (5 % H2/N2).
Thermogravimetric analysis (TGA) was carried out for the materials 
on a differential thermal analysis instrument (EXSTAR6000). This 
instrument was calibrated using Z1O 2 as standard material.
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2.7. X-ray Absorption Spectroscopy (XAS).
X-ray Absorption Spectroscopy (XAS) gives information about the 
oxidation states and the local environment of the atoms in the materials. 
XAS describes several techniques which involve the absorption by atoms of 
a particular element of X-rays with energies close to an absorption edge. 
The absorption is measured as a function of the incident photon energy.
EXAFS (Extended X-Ray absorption fine structure) spectroscopy 
uses the fine structure after the edge to obtain information about the quantity 
and type of atoms that are neighbours o f the absorbing atoms. XANES (X- 
Ray absorption near edge structure) on the other hand uses the position of 
the edge and any pre-edge features to obtain information about the oxidation 
state o f the elements.
X-ray absorption spectroscopy (XAS) was carried out on station 7.1 
at the SRS, Daresbury Laboratories, UK22. The experiments were done at 
room temperature. The materials were mixed and ground with cellulose and 
the measurement performed in transmission mode. Standard samples were 
collected at regular intervals.
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Chapter 3:
Sr2MgMoC>6-5 : structure, 
phase stability and cation site 
order control of reduction
3.1. Introduction.
Solid oxide fuel cells are o f importance for stationary and distributed 
power generation at high thermodynamic efficiency, offering opportunities 
for efficient utilisation of both natural gas / hydrocarbons or hydrogen as a 
fuel. Current active materials chemistry research themes include reducing 
the cathode overpotential by enhancing oxide catalytic activity for oxygen 
reduction, identifying oxide ion conductors operating at low temperatures to 
reduce materials compatibility problems and identifying mixed oxide ion 
conductors with suitable chemical stability to reduction in H2 or C H 4 at high 
temperature to function as anodes1"1. The double perovskite S^MgMoOfi
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has recently been shown to offer excellent performance as a fuel-cell 
anode5"8 combining the required chemical stability, electronic and ionic 
conductivity and electrocatalytic activity in the highly reducing atmosphere 
of the fuel cell anode with resistance to poisoning by sulfur impurities in the 
fuel, a severe problem when considering the use o f methane in the form of 
natural gas. The chemical and structural factors controlling the extent to 
which oxygen can be removed from S^MgMoOfi are important as removal 
of O under reducing conditions is required both for the introduction of anion 
vacancies to permit ionic conduction and for reduction o f 5d° Mo(VI) to 5d' 
Mo(V) to generate electronic carriers. The original report shows 
S^MgMoOft is a rock-salt B -site ordered double perovskite with Mo (VI) 
surrounded by six Mg2+ neighbors.
The work described in this chapter was undertaken in order to report 
the detailed structural chemistry o f this material, particularly the chemical 
and structural changes which take place on reduction. This reveals the 
limited extent to which oxygen loss is possible in the pure material, and the 
interplay between structure and chemistry which permit reduction to occur. 
This work has been published9.
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3.2. Experimental,
Sr2MgMoC>6 was prepared by direct reaction of M0O3, MgO and 
SrCC>3 at 950°C for 15h. The powder was reground, pressed into pellets and 
refired at 1250 °C for 44h, with a second regrinding and pelletising and 
firing at 1350 °C for 44h (Sample I). Sample II was prepared by reduction in 
5% H2/N2 at 800 °C for 18 h. Reduction of sample I at 1200 °C for 12 h in a 
flow of 5% H2/N2 gave samples HI and IV which were brown/black in 
colour - IV was prepared on a smaller (lg )  scale than III (5g). These 
conditions are similar to those used by Huang et al.6,10 for the initial 
preparation of S^M gM oC^.
Structural characterisation of the materials were carried out using 
laboratory Power X-Ray Diffraction data (PXRD) collected on a Panalytical 
X ’pert system using Co Kai radiation in Bragg Brentano geometry. Time- 
of-flight (TOF) Power Neutron Diffraction data (PND) data were collected 
at ambient temperature on HRPD11 and POLARIS12 at ISIS. Data were 
refined by the Rietveld method13,14 using the GSAS software package and 
EXPGUI interface15. In the case of all samples separate refinements were 
carried out against PXRD and the highest resolution TOF bank. Because of 
strong pseudo symmetry the least square refinements were carried out using 
the Levenberg-Marquardt algorithm rather than the Gauss-Newton 
algorithm, in order to obtain better convergence. The Stephens approach16
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was applied to the anisotropic peak shapes in all cases. In the X-ray 
refinements, thermal parameters were fixed at 0.01 A2 as was the oxygen 
content but Mg/Mo antisite disorder and a surface roughness absorption 
correction were refined. In the neutron refinements Mg/Mo antisite disorder 
was fixed at the value obtained for the X-ray refinement and the isotropic 
thermal parameters and anion vacancy concentrations were refined.
Samples for transmission electron microscopy were prepared by 
crushing the powder in «-butanol and the small crystallites in suspension 
were deposited onto a holey carbon film, supported by a copper grid. The 
electron diffraction (ED) study was carried out with a JEOL 2000FX 
electron microscope. Energy dispersive spectroscopy (EDS) analyses were 
systematically carried out during the ED study, the JEOL 2000FX being 
equipped with EDAX analyser. Thermal analysis (TGA) was performed 
using a Seiko SII-TG/DTA 6300 thermal analyzer.
3.3. Results.
In the case of sample I of S^MgMoOfi (air-fired), the powder X-ray 
diffraction data indicated the formation of a B-site ordered perovskite plus a 
trace amount of strontium molybdate (SrMoO^. The sample was greenish 
white. Prior to the final anneal, significantly more strontium molybdate 
together with other unidentified impurities were present.
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Figure 1. Thermogravimetric analysis plot o f thè reduction far S^MgMoO^ 
in 5% H2 in N2.
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Figure 2. Power X-Ray diffractograms for S^MgMoOf, reduced for 12h in 
flowing 5% H2/N2 between 800°C and 1200 °C. Peaks attributed to MgO 
and Mo are marked. The shoulder marked RP2 will be discussed below.
Initial inspection of the PXRD data for sample IE (reduced at 
1200 °C for 12 hours) indicated that a degree of decomposition had occurred 
(peaks attributed to MgO and Mo were present in the pattern), therefore 
reduction at lower temperatures was investigated, initially by TGA 
measurement in a reducing atmosphere. Figure 1 shows that there was only 
a very minor weight loss starting at ~ 800 °C observed and that the reduction 
proceeded relatively slowly even up to 1100 °C, with a total of 
~ 0.03 oxygen per Sr2MgMo06 formula unit being lost in 1 hour. PXRD
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showed that both the samples reduced at 800 °C and 900 °C did not contain 
any apparent MgO or Mo impurity peaks (Figure 2). In the light of this 
observation and the reported reduction of Sr2MgMoOf, at 800°C6, a further 
sample was prepared by reduction in 5% H2/N2 at 800°C for 18 h (Sample 
II). Sample II was a darker green than the initial sample I but much paler 
than sample III.
Analysis of sample I (Sr2MgMo06) by EDS confirmed its 
homogeneity and that the correct cation composition had been maintained in 
the synthesis. Reconstruction of the reciprocal space of Sr2MgMo06 by 
electron diffraction revealed a cell of dimensions V2ap x V2ap x 2ap with the 
body centering h + k + 1 = 2n reflection condition (Figure 3) inconsistent 
with the initially reported space group of P2i/n (OkO k = 2n, hOl h + 1 = 2n). 
However due to the metrically tetragonal symmetry o f the observed electron 
diffraction patterns, this leaves a large number of candidate space groups.
Identification of the correct structural description of Sr2MgM o06 
required comparative analysis of possible tetragonal, orthorhombic, 
monoclinic and triclinic models against the high resolution neutron powder 
diffraction data. This procedure is challenging due to the very pronounced 
pseudocubic symmetry. Refinement in I4/mmm, I4/m and Immm (x =12.2) 
were all unsatisfactory. It was possible to converge a satisfactory refinement 
in I2/m (x2=1-7) but the model was inadequate from a crystal chemical 
viewpoint -  analysis with isotropic displacement parameters in this space 
group only converges to X2 = 2.86, so anisotropic displacement parameters
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are needed to match the observed intensities. This description produces a 
large discrepancy in the size and shape of the displacement ellipsoids of the 
two crystallographically distinct oxide anion sites in the I2/m structural 
description, with 0 2  having an equivalent isotropic ellipsoid four times the 
size of that of 01 . This suggested that in I2/m 0 2  was accounting for more 
than one distinct anion site in the true structure. Refinements in 12 and Im 
were unsatisfactory, but analysis in i l  (Figure 4 and Tables 1 & 2) gave 
superior agreement (*2 = 1.47) as has been previously observed in a number 
of cases where the M 0 6 octahedra are distorted17’18, with only isotropic 
displacement parameters required at each site. The origin of this 
improvement is the splitting of the 0 2  site in I2/m to 0 2  and 02b  in i l . 
Attempts to model this instead by splitting the 0 2  site in I2/m yield less of 
an improvement than the i l  model (*2 = 1.79 w . 1.47, 12 parameters
refined in I2/m vs 52 parameters in 1 1 ).
It is important to note that the unit cell of Sr2MgMo06 is metrically 
tetragonal (all the angles are 90° within error; (b-a)/a is 10"4, whereas (c-a)/a 
is 0.6 X 10'2) so it is the intensities which decide the appropriateness of a 
structural model.
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Figure 3. Selected area electron diffractograms of the [001] and [010] 
projections of Sr2MgMoO& showing systematic absences consistent with an
I-centered cell.
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Neutron powder diffraction data are relatively insensitive to antisite 
disorder o f Mg and Mo. The strong differences in X-ray scattering power 
makes X-ray powder diffraction more suitable to define the extent to which 
the strict alternation of Mg and Mo on the B sites is violated and thus a 
separate refinement against X-ray data was carried out. The results of both 
refinements are summarized in Tables 1 and 2.
In the case of sample II (800°C 5% H2 in N2) again there is a 
dominant double perovskite phase, in the PXRD data weak peaks for 
SrMo04 are visible but these are lost in the noise in the TOF neutron data 
and were thus not refined (Figure 5).
In the case of sample IB (1200°C 5% H2 in N2) the powder X-ray 
diffraction data indicated the formation of a B-site ordered perovskite plus 
MgO, Mo and an unidentified impurity that appears as shoulders on some of 
the perovskite peaks (Figure 6). These impurity peaks are more prominent 
in the case of sample IV produced on a smaller scale under more reducing 
conditions (Figure 7). Analysis of the sample by EDS in the TEM for 
samples III and IV confirmed the presence of MgO and the homogeneity of 
the remaining crystallites indicating that Sr2MgMo06-8, Mo and the new 
phase are intimately mixed on the EDS length scale (~ lOOnm). 
Reconstruction of the reciprocal space of Sr2M gM o06-s by electron 
diffraction in the TEM revealed a cell of dimensions V2ap x V2ap x 2ap with 
only the body centering h+k+l=2n reflection condition as for sample I 
prepared in air. In some crystallites, (Figure 8(a)) extra reflections were
64
Figure 4. Rietveld refinement of the backscattering bank neutron diffraction 
data from HRPD o f sample I ofSr2MgMoOf> Crosses are observed data, the
solid red line is the calculated pattern and the blue line is the difference. 
The upper set o f tick marks correspond to the positions o f the Bragg peaks 
for Sr2MgMo06, and the lower set the positions o f the Bragg peaks o f the 
SrMoC>4 impurity.
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Figure 5. Rietveld refinement o f the backscattering bank neutron diffraction 
data from Polaris o f sample II o f Sr2MgMo06-6- The tick marks mark the 
positions o f the Bragg peaks for Sr2MgMo06.s. The inset shows the fit at
high Q.
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Table 3. R e f i n e d  p a r a m e t e r s  f o r  t h e  S r s ( M o  / - x M g x k O j - d  R u d d l e s d e n - P o p p e r  
i m p u r i t y  p h a s e  i n  s a m p l e  I I I .
x y z occupancy
Sri 0 0 0.5 1
Sr2 0 0 0.3005(5) 1
M ol 0 0 0.1058(5) 0.784(12)
0 1  0 0 0 0.49(3)
0 2  0 0 0.1904(6) 1
0 3  0 Vi 0.1025(4) 1
S p a c e  g r o u p  I 4 / m m m  a  =  3.9527(2)A c  =  20.436(5) A  V  =  319.29(8) A3
overall U=0.01(1)A2. x = 0.215(9) S = 0.49(3).
observed as well as streaking and diffuse features along (O O l)perov (Figure 
8(b)-(d)). The strongest extra reflections in both neutron and X-ray powder 
data are characteristic of an n=2 Ruddlesden - Popper phase, and the 
observed shoulders occur close to the peak positions expected for 
Sr3Mo20719,2°. This is consistent with electron diffraction patterns revealing 
streaking along c* in the perovskite (Figure 8(b)), the coexistence of 
perovskite and n=2 Ruddlesden-Popper unit cells (Figure 8(c)) and patterns 
solely indexable by the n=2 Ruddlesden-Popper phase with streaking along 
the layer stacking direction (Figure 8(d)).
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Figure 6. Powder X-ray diffraction data for sample III o f Sr2MgMo06-ô 
reduced at 1200 °C. The arrows indicate the shoulders on peaks attributed 
to the n=2 Ruddlesden-Popper phase.
71
Figure 7. Comparison of the XRD data o f Sample III (red) and IV (black). 
Sample IV was prepared on a smaller scale and with 0 2 more rigorously 
excluded from the reducing gas stream.
12
Figure 8. Selected area electron diffractograms for Sr2MgMo06s  sample IV 
reduced at 1200 °C. White indices refer to the unit cell o f the Sr2MgMo06.s 
perovskite phase and red to the RP n = 2 phases, showing, (a) [010] 
projection of Sr2MgMo06-s perovskite alone (b) [010] projection of 
Sr2MgMo06.s with prominent streaking along (001). (c) [010] projection of
Sr2MgMoOd-s intergrown with the [HO] projections of an RP n=2 phase. 
Prominent streaking along (001) in both phases is obvious, (d) [110] 
projection of an RP n=2 phase, with streaking along (001).
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Refinements of the neutron and X-ray diffraction data from sample III
2
which did not include the RP second phase did not give satisfactory fits. (X 
= 8.595 for the HRPD backscattering bank). Both X-ray and TOF neutron 
refinements improved on addition of the RP phase (X2 = 5.088 for the 
HRPD backscatter bank) (Figure 9). Refined parameters for the RP phase 
from analysis of the HRPD data are given in Table 3. An overall thermal 
parameter was used in both neutron and X-ray refinements, Mo/Mg ratios 
on the octahedral site were refined in the X-ray data and fixed in the neutron 
refinement, where the anion occupancies were varied. The RP phase B site 
cation composition in the neutron refinement was fixed at the value obtained 
from the X-ray data, and only the phase fractions and the anion occupancies 
were varied as detailed above. The refined cation ratios in the entire 
multiphase assemblage in sample III can be calculated from the refined 
phase fractions. The overall Sr:Mo:Mg ratios from the X-ray and neutron 
refinements were 1:0.57:0.53 and 1:0.54:0.52 respectively, close to the 
theoretical values of 1:0.5:0.5.
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Figure 9. Rietveld refinement plots o f sample III o f Sr2MgMoC>6-s reduced at 
1200 °C (a) backscattering bank neutron diffraction data from HRPD and 
(b) powder X-ray diffraction data, represented as in Figure 3(a). The tick 
marks show the Bragg peaks for, from top to bottom, Sr2MgMo06-s, Mo, 
MgO and the n=2 RP phase SrfMo(i-X)Mgx)207-s(x = 0.215(9)).
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3.4. Discussion.
Figure 10 shows views down the principle axes of the cubic perovskite 
subcell for Sr2M gM o06. Table 4 summarizes the octahedral cation bond 
lengths for all three samples as well as the cation bond valence sums21 and 
octahedral distortion parameter (£(r-rmean)2)- It can t>e clearly seen that there 
is an obvious c tilt with little or no tilt on the other axes. Thus for the tilt 
system a°a°c" we would expect that the structure would adopt the tetragonal 
space group 14/m22’23 in the absence of any octahedral distortions. Using the 
program SPUDS22 (Table 5) it is possible to estimate the relative stability of 
various tilt systems. It can be seen from Table 5 one might expect either the 
tilt system a b+a ( P l j n  ) or a d d  ( R3 ). However, Sr2M gM o06 adopts the 
tilt system a°a°c" with octahedral distortions reducing the tetragonal tilt- 
based symmetry to triclinic. The underlying tilt system is consistent with the 
I4/m structure of the Sr-based rock-salt ordered double perovskite 
Sr2FeMoOfi24.
25
Sr2MgMoC>6 appears to contain more local strain than Sr2MnMo06 
where the Mo bond valence sum is 5.77, and the mean square distortion at 
the Mo octahedral site is 4.27xl0"5. This supports the suggestion that the 
symmetry-lowering from I4/m is driven by octahedral distortion.
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aFigure 10. Refined structure o f S^MgMoOb (sample I) obtained from the
HRPD data viewed along (a)[001J, (b)[110J and (c) ( flO ]. Grey spheres 
are Sr, red octahedra are Mg-centered and green octahedra are 
Mo-centered.
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Table 4. Refined bond lengths, Calculated Bond Valence Sums21 and 
Octahedral Distortion (I(r-rmean)2) at the Octahedral Sites o f Sr2MgMo06.S 
(refined oxygen deficiency is given in the final row) on the Basis o f 
Refinements against the Neutron Data
Bond (A) 1 II III
M ol 0 1 x 2 1.9403(18) 1.9602(28) 1.953(4)
M ol_02 x 2 1.9335(19) 1.9475(10) 1.9662(23)
M ol_02b x 2 1.9376(20) 1.9424(9) 1.8866(27)
Mg2_01 x 2 2.0221(17) 2.0059(28) 2.010(4)
M g2_02 x 2 2.0305(18) 2.0062(10) 2.0008(23)
Mg2_02b x 2 2.0147(20) 2.0260(8) 2.0639(27)
MoBVS 5.53(4) 5.34(4) 5.58(8)
MgBVS 2.46(2) 2.53(2) 2.35(3)
SrBVS 2.06(2) 2.05(2) 2.04(2)
ffCr-rmean)2) Mo-O 0.0000241 0.000187 0.004583
(S(r-rmean)2) Mg-O 0.000125 0.000392 0.00299
8 0 0.014(2) 0.046(10)
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Table 5. Predicted tilt systems for 1:1 ordered Sr2MgMoOb in the absence 
o f octahedral distortions.
Tilt Space group (undistorted Global Instability Index
System octahedral) (valence units)
a+a+a+ Pn3 0.04236
a'b+a' P2, In 0.0003
a'a'a' R3 0.00009
a°bb‘ I 2 / m 0.00685
aua°c+ P4/mnc 0.02075
a°a°c 14/m 0.02075
a°a°a° Fm3m 0.13952
Figure 11 shows the response o f S^MgMoOfi to reduction. Both the 
unit cell volume and the cation occupancy disorder on the octahedral site 
correlate well with the refined oxygen deficiency (5 = 0, 0.014(2) and 
0.046(10) with corresponding values of the octahedral disorder of 0.008(2), 
0.013(1) and 0.057(1) for samples I-III respectively). It should also be noted 
that it is a consistent feature of the Rietveld refinements that only one of the 
three oxygen sites (02b) appears to be depleted. The mean square distortion 
at the octahedral Mo and Mg sites increases systematically with the amount 
of reduction.
The observation that disorder of the octahedral sites correlates 
almost quantitatively with the number of oxide anion vacancies is 
particularly interesting. This could be interpreted as the avoidance of low 
coordination numbers for Mg, for which coordination numbers of less than 
6 are rare in oxides. If we consider only antisite disorder, each swap of 
cation pairs (to produce Mg on an Mo site and Mo on an Mg site) produces
79
five Mg-O-Mg linkages and five Mo-O-Mo linkages (Figure 12(a) and 
12(b)). The creation of the Mo-O-Mo linkages thus produces oxide anions 
that are coordinated purely to Mo. Removal of these anions will produce 
only five-coordinate Mo(V), which is well-established, removing the 
necessity to propose the formation of five-coordinate Mg2+ in an oxide. The 
observed correlation between oxide vacancy content and cation site order is 
thus chemically justifiable. However, only Mo-02b-Mo linkages appear to 
be reduced according to the site occupancy refinements in each case. This is 
consistent with the observation that the M o-02b distance is the most 
sensitive of all the M o-0 distances to reduction (Figure 13(a)).
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Figure 11. Plots o f the correlation o f refined parameters for S^MgMoOtj 
with refined vacancy concentration d (a) unit cell volume against refined 
oxygen content (sample /  is assumed to be stoichiometric in oxygen); (b) 
The octahedral distortion parameter (c) fractional Mo
occupancy o f the Mol site vs. refined oxygen content.
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Figure 12. Schematic illustration o f models for antisite disorder in 
Sr2MgMoO(,i£ (a) Molybdenum (green) surrounded by six next nearest 
neighbour magnesium (red) in a perfectly B-site ordered material; oxygens 
are white and strontium cations are omitted for clarity, (b) Situation after a 
single molybdenum-magnesium B-site swap. There are now five 
unfavourable next nearest neighbour interaction per cation, (c) Schematic 
representation o f a [100]perov antiphase extended defect indicated with an 
arrow; red octahedra are magnesium centered and green molybdenum 
centred. Note that in this case only one unfavourable next nearest neighbour 
interaction per cation is introduced.
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a b 02h
Figure 13. (a) The three crystallographically distinct Mo-0 distances in 
S^MgMoOs-s versus refined oxygen stoichiometry (b) The structure o f 
Sr2MgMoO(,.6 viewed along [001] showing the location o f 02b which lies in 
[100] planes within the perovskite subcell.
It has been argued in similar B-site ordered perovskites that apparent 
antisite disorder is primarily due to stacking faults at which there is a phase 
shift in the cation occupancies and the resulting formation of antiphase 
domain boundaries26. In the case of A2B B X 6 systems27, considered in terms 
of a 2ap x 2ap x 2ap cell which for Sr2MgMo06±s would represent an F T cell 
(a' = a + b, b' = a -b , c' = c), both [100] and [110] antiphase boundaries 
(within this F-centred cell) conserve the cation composition whilst 
generating Mo-O-Mo sites where reduction would occur along the boundary 
where the cation pairs are concentrated. This is illustrating schematically in 
Figure 12(c). Extended defects of this type would reduce the number of 
electrostatically unfavourable interactions per cation. Note that the 
aggregation of oxide vacancies upon reduction to form extended defects has 
been used to explain the metallic conductivity of SrTiC>3 even at very low
8 3
degrees of reduction, as it permits a connected pathway between the reduced
28transition metal centers .
It can also be seen in Table 4 and Figure 11(c) that the octahedral 
distortion of both Mg and Mo increase with extent of reduction, although 
Mo increases more rapidly. One possible explanation for this can be seen in 
Figure 13(b), where the largest change in bond lengths occurs between Mo 
and 02b. The enhanced sensitivity of the M o-02b distance to the extent of 
reduction correlates with the enhanced vacancy concentration refined at this 
site. It should be noted that the 02b sites lie along one [001] plane in the 
F l  cell. This is consistent with the removal of oxide anions in a manner 
correlated with the formation of extended defects within this plane. The 
presence of significant amounts of such [001] antiphase boundaries is also 
consistent with the observed streaking in Figure 8(b), in the absence of 
observable R-P = 2 type intergrowth superstructure spots discussed in the 
next paragraph. The compositional and electron diffraction evidence is thus 
consistent with the formation of extended arrays of antisite defects which 
would minimise both the formation of five-coordinate Mg and unfavorable 
local cation pairings due to isolated antisite disorder, whilst creating 
extended electronic conduction paths through the sample.
Reduction o f Sr2MgMoC>6 at high temperature produces a change in 
the observed phase assemblage driven by the formation of an n = 2 
Ruddlesden-Popper phase. Figure 14 shows the derived structural model of 
SrsiMod-joMgx^Cb-s (x = 0.215(9), 5 = 0.49(3)). The exact nature of this 
phase is unclear, in the absence of the observation of distinct grains of the 
segregated RP phase by EDX, and the significant broadening of the peaks
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for both perovskite and RP Sr-Mg-Mo-0 phases in sample III. (The 
Stephens anisotropic strain parameters for the perovskite phase are 5 to 10 
times greater in sample HI as compared to sample I). The complex streaking 
in the electron diffraction patterns recorded from sample III (Figure 8) 
indicate the true nature of the phase assemblage is more complex. It is thus 
likely that the secondary RP phase is significantly intergrown with the 
perovskite phase given the significant refined phase fraction, though the 
observation of distinct Bragg reflections from the n=2 RP structure in 
Figure 8(d) indicates that there are some coherent domains. The X-ray 
refinements show that these intergrowths are Mo-rich with a B-site 
composition of Mo0.785(9)Mgo.2 i5(9> Importantly, this B-site composition 
combined with the refined fraction for all four phases in the complex 
assemblage is consistent with the overall cation composition Sr2MgMo. 
The neutron data show that these Ruddlesden-Popper intergrowths are 
significantly reduced, and accommodate reduction to a level beyond that 
possible in the perovskite phase: this can be attributed to the enhanced Mo 
content which permits the removal of oxygen without the formation of five 
coordinate Mg2+. The refined Sr3(Moo.785(9)Mgo.2i5(9))206.5i(3) composition 
gives a molybdenum oxidation state be close to Mo™, which is chemically 
sensible given the existence o f Sr3Mo20 7 and the Zn2+-containing phase 
Sr3M0 1 .5Zno.5O6.7529. This reduced character and oxygen deficiency lead to 
the expectation that the n = 2 Ruddlesden-Popper phase or intergrowths 
would have significant electronic and ionic conductivities. This phase is 
further discussed in chapter 5.
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Figure 14. Refined structure o f the n = 2 Ruddlesden-Popper phase 
Sr3(Moi.xMgx)20 7.s (x = 0.215(9), S = 0.49(3)) (sample III) obtained from 
the HRPD data viewed along [010]. 01 is labeled to show the location of 
the oxygen vacancies. (Bond lengths Mol-Ol 1 x 2.163(10) A M ol-02  
1 x  1.729(15 )A M ol-03 4 x 1.977).
3.5. Conclusions.
Sr2M gM o06 adopts an 11 structure derived from an a°a°c' tilt system 
related to that of Sr2FeMo06 via distortion of the Mg and Mo centered 
octahedra. Reduction of the perovskite Sr2MgMo06 is possible only to a 
limited extent despite the stability of lower Mo oxidation states than +VI,
8 6
which is attributed to the difficulty of forming five coordinate Mg2+ in the 
perovskite structure. The extent of reduction that is possible within the 
perovskite appears correlated with antisite disorder of the Mo and Mg 
cations, which permits the removal of oxide anions while only reducing the 
coordination number of Mo. The assimilation of point antisite defects into 
extended structures analogous to anti-phase domain boundaries would 
minimize unfavorable electrostatic interactions arising from antisite defect 
formation and permit the correlated removal of oxide anions. Upon further 
reduction at temperatures > 900°C Sr2MgMo06±s assumes a higher O 
vacancy content but begins to decompose into a reduced material modeled 
as an n = 2 phase with a significantly higher Mo:Mg ratio, MgO and Mo, 
and a lower Mo oxidation state. One plausible model of the reduction 
would thus involve initial reduction associated with extended antisite 
defects followed by decomposition at these defects by excision of B06 
octahedral layers neighboring the defect, yielding intergrowth of an RP=2 
material in a perovskite matrix.
The reactivity of Sr2MgMo06±g suggests other approaches to the 
formation of fuel cell anodes for SOFC’s. Molybdenum metal, or under 
some of the feed conditions tested molybdenum carbide30 or sulphide31, is 
likely to be catalytically active as potentially is the intergrowth of 
Sr3(Mo(I.Jt)Mgx)20 7^ . In order to understand the observed behaviour of 
Sr2MgMo(>6±s cathodes further detailed studies of the phase assemblies in 
working electrodes are required in order to understand the exact roles of the 
different potential components. The temperature dependences of the 
structures of these phases will be discussed in the next chapter and the
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synthesis o f Sr3(Mo(i_X)Mgx)207-8 and related Ruddlesden-Popper phases is 
discussed in chapter 5.
8 8
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Chapter 4:
Phase transition in the double 
perovskite Sr2MgM0O6.fi by in 
situ high temperature neutron 
powder diffraction study
4.1. Introduction.
In the previous chapter, we reported that Sr2MgMoC>6 adopts an 
Il structure derived from an a°a°c' tilt system via distortion of the Mg- and 
Mo-centered octahedra1. Reduction of Sr2M gM o06 appears to be correlated 
with antisite disorder either at point or extended anti-phase defects.
Perovskite oxides may undergo several phase transitions at high 
temperature as has been observed in A2-xSrxNiW 06 (A = Sr, Ba, Ca), 
Sr2M W 06 (M = Ni, Zn, Co, Cu)2’3, Sr2FeM o064, Sr2CoM o065 and 
Sr2NiM o066- Both first and second order phase transitions have been
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observed in double perovskite. In the case of A2-xSrxNiWOfi and Sr2MWC>6 
(M = Ni, Zn, Co) a second order transition was observed from the tetragonal
I4/m space group (a°a°c" tilt system) to the cubic Fm3m space group (a°a°a0 
tilt system). In the related compound Sr2FeMo06, a transition was reported
from the cubic Fm3m space group to the tetragonal I4/m space group at 
low temperature. The same transition was observed in the compound 
Sr2CoMo06- However in Sr2CuW 063 compound, a second-order transition 
was observed from the tetragonal I4/m space group to the I4/mmm space 
group, at higher temperatures a first order transition was observed from this
tetragonal I4/mmm space group to the cubic Fm3m space group. Several 
theoretical studies have been performed on these double perovskite showing 
the different possible symmetry changes and whether they would be 
expected to be first or second order transitions. Scheme 1 shows the possible 
transitions the possible tilt schemes for double perovskites ’ .
Detailed understanding of the possible phase transitions in 
Sr2MgMoC>6-i at elevated temperatures are very important to allow a good 
electrolyte/anode interface to be achieved when fabricating and operating 
the cell at high temperature. In this chapter, it will be shown that 
Sr2M gM o06-s undergoes at high temperature phase transition to a cubic
Pm 3m phase at 200 °C and thermal expansion data will be presented.
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Scheme 1. Scheme indicating the group-subgroup relationships among 
different tilt systems for double perovskites. “0 ” and symbols
represent the tilt direction. A dashed line joining a group to its subgroup 
indicates that the corresponding phase transition is required by Landau 
theory to be first order 9.
4.2. Experimental.
Sample preparation and analysis strategies are detailed in section 
3.2. In addition the oxygen content was fixed at the value obtained 
previously at ambient conditions for the data collected on Polaris10 and 
refined for the data collected on HRPD11.
Measurements were performed starting at room temperature, the 
temperature was then increased 100 °C, and held for an hour. Data between 
100 and 800 °C were then collected at 50 °C intervals to 500 °C and then
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100 °C intervals until 800 °C, holding at each temperature for lh to reach 
equilibrium before data collection.
4.3. Results.
In the previous chapter it was shown that Sr2M gM o06-8 adopts a V2 
ap x V2 ap x 2 ap II superstructure of the simple perovskite cell, derived 
from an a°a°c' tilt system via distortion of the Mg- and Mo- centred 
octahedra that adopted a I4/m space group.
Diffraction data for sample II of Sr2MgMoOfr^ indicated the 
formation of a B-site ordered perovskite without any other significant 
impurities. In the case of sample HI of Sr2MgMoOfi-8 XRD data showed the 
formation of that same B-site ordered perovskite plus some impurities peaks 
identified as MgO, Mo and a new Ruddlesden-Popper n=2 phase of general 
formula Sr3(MgxMo(i-X))207-8. It was demonstrated in that work that both 
materials adopts the same ii  structure but they are different in their level of 
Mg/Mo antisite disorder and their level of oxygen vacancies. Both factors 
are correlated and the level of reduction is possible only to a limited extent 
despite the stability of lower Mo oxidation states than +VI, which is 
attributed to the difficulty of forming five coordinated Mg2+ in the 
perovskite structure. This correlation permits the removal o f oxide anions 
while only reducing the coordination number of Mo.
Data were collected for Sample II and Sample III and in the 
temperature range of room temperature to 150 °C can be refined using the
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triclinic structure for the double perovskite. The NPD pattern for sample II 
at 150 °C is shown in Figure 1. Figure 1(b) shows the splitting of the peaks 
at -1 .98 A and -2.38 A characteristic of this II structure. Lattice 
parameters and fit parameters are summarised in Table 1 and Table 2 for 
sample II and sample III respectively. The refined structure parameters for 
sample II are shown in Table 3. In the case of the sample HI the quality of 
the data was not sufficient to refine the structural parameters freely though 
good fits were obtained using the values obtained at ambient temperature.
Table 1. Refined parameters and refined cell constant for Sr2MgMo06j  
sample II at room temperature, 100 °C, 125 °C and 150 °C.
RT (HRPD)
100 ° c
(HRPD)
125 °C 
(HRPD)
150 °C 
(HRPD)
wRp (%) 8.33 10.30 19.12 6.83
Rp(%) 7.32 9.34 16.17 5.93
x2 1.280 1.243 1.225 1.331
a (A) 5.568691 (70) 5.577370 (50) 5.579843 (942) 5.584812(31)
b(A) 5.571660(73) 5.578465(47) 5.579872 (937) 5.584200 (30)
c ( A) 7.925181 (44) 7.923924 (50) 7.923060 (87) 7.923365 (35)
a(deg) 89.952 (2) 89.978 (3) 90.021 (11) 90.007 (4)
P (deg) 90.024 (3) 90.010 (6) 89.973 (9) 89.972(1)
7 (deg) 90.028(1) 90.020 (2) 90.020 (3) 90.015 (1)
V (A3) 245.893 (2) 246.538 (3) 246.683 (4) 247.104(2)
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Table 2. Refined parameters and refined cell constant for S^MgMoOb-i 
sample III at room temperature, 150 °C and 175 °C.
RT (HRPD) 150 °C (HRPD) 175 °C (HRPD)
wRp (%) 8.33 18.96 19.38
Rp(%) 7.31 16.14 16.73
x2 1.277 1.224 1.246
a (A) 5.568694 (69) 5.582231(166) 5.585063 (170)
b (A) 5.571659 (73) 5.587976 (179) 5.590425 (175)
c (A) 7.925178 (44) 7.922843 (156) 7.923978 (153)
a (deg) 89.951 (2) 89.934 (3) 89.925 (3)
P (deg) 90.023 (3) 90.030 (4) 89.953 (4)
Y (deg) 90.027 (1) 89.960 (3) 89.947 (2)
V (A3) 245.893 (2) 247.140(7) 247.409 (9)
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Figure 1. (a) Rietveld refinement o f the backscattering bank neutron 
diffraction data from HRPD of sample II o f Sr2MgMo06 measured at 150 
°C. Crosses are observed data, the solid red line is the calculated pattern 
and the pink line is the difference. The upper set o f tick marks correspond to 
the positions o f the Bragg peaks for Sr2MgMo06-6- (b) Zoom o f the 
refinement at high d-spacing showing the splitting of the peak at -1.98 A 
and showing the peak at -2.38 A.
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Table 3. Refined atomic parameters for the S^MgMoOts samples II (fixed 
parameters are in italic) at room temperature, 100 °C and 150 °C. Mol is 
on 2a (0,0,0) and Mgl on 2b (1/2,1/2,0). The refined model has a total 
octahedral site occupancy o f LOO, with the difference from the refined 
fraction F quoted here made up by occupancy o f 1-F of Mg on Mol and Mo 
on Mgl.
RT
(HRPD)
RT
(Polaris)
100 ° c
(HRPD)
150 °C 
(HRPD)
Sri
X 0.5052 (20) 0.5023 (4) 0.4985 (19) 0.5008 (15)
y -0.0017 (20) 0.0016 (3) 0.0002 (32) 0.0021 (14)
z 0.2539 (14) 0.2501 (5) 0.2500 (53) 0.2506(19)
U 0.0087 (7) 0.00969 (4) 0.0236 (3) 0.0010 (2)
M ol
U 0.0044 (6) 0.00520 (3) 0.0166 (3) 0.0014 (2)
F 0.987 0.987 0.987 0.987
M gl
U 0.0044 (6) 0.00520 (3) 0.0166 (3) 0.0014 (2)
F 0.987 0.987 0.987 0.987
O l
X -0.0020 (36) -0 .006  (1) -0.0159 (13) -0 .0116(10)
y 0.0172 (14) -0.0153 (2) 0.0086 (24) 0.0104(11)
z 0.2457 (11) 0.2470 (3) 0.2478 (16) 0.2467 (10)
U 0.0091 (7) 0.01193 (7) 0.0255 (2) 0.0107 (4)
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Table 3 conU. Refined atomic parameters for the Sr2MgMoC>6-d samples II 
(fixed parameters are in italic) at room temperature, 100 °C and 150 °C. 
Mol is on 2a (0,0,0) and Mgl on 2b (1/2,1/2,0). The refined model has a 
total octahedral site occupancy of 1.00, with the difference from the refined 
fraction F quoted here made up by occupancy o fl-F  o f Mg on Mol and Mo 
on Mgl.
RT
(HRPD)
RT
(Polaris)
100 °c
(HRPD)
150 °C 
(HRPD)
02
X 0.2709 (14) 0.2665 (2) 0.2713(11) 0.2601 (8)
y 0.2264 (20) 0.2263 (2) 0.2274(11) 0.2304 (6)
z -0.0051 (15) -0 .0080 (2) -0.0023 (29) -0 .0004 (28)
U 0.0091 (7) 0.01269 (8) 0.0255 (2) 0.0090 (4)
02b
X -0.2147 (15) -0.2147 (1) -0 .2242(11) -0 .2184 (5)
y 0.2724 (16) 0.2751 (2) 0.2690 (13) 0.2684 (7)
z 0.0077 (19) -0 .0080 (2) 0.0096 (98) 0.0125 (5)
U 0.0091 (7) 0.00520 (3) 0.0255 (2) 0.0103 (5)
F 0.913(14) 0.993 (2) 1.000(7) 0.987
Subsequent structural refinement from neutron powder diffraction 
(NPD) data collected for both samples in the range of temperatures 200-300
°C shows a transition from the triclinic II space group to the cubic Fm3m 
space group without any intermediate phase between those phases. 
Figure 2 shows cell volume at the temperature range of coexistence for both 
triclinic and cubic phase in Sample II. Figure 3 shows the NPD pattern for 
the sample II at 250 °C where it can be clearly seen how the peak at -2.38 A 
decreases in intensity and the splitting of the peak at -1 .98  A is greatly
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reduced. The refined phase fractions are listed in Table 4 for sample II. It 
can be seen how the cubic phase becomes richer in phase fraction as the 
temperature increases. Similar behaviour is also observed in sample III 
(Table 5). Table 6 and 7 show the refined structural parameters for the 
triclinic and cubic phases respectively for sample II. At 300 °C the structure 
parameters of the II phase could not be refined due to its low phase fraction 
(5.85 % vs. 94.15 % of the cubic phase). In the case of sample III the quality 
of the data were not good enough to refine the structure. The atomic 
positions were fixed and only the cell parameters and phase fractions were 
refined.
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Figure 2. Representation o f the double volume versus the temperature 
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Figure 3. (a) Rietveld refinement o f the backscattering bank neutron 
diffraction data from HRPD o f sample II o f Sr2MgMo06-s tit 250 °C. 
Crosses are observed data, the solid red line is the calculated pattern and 
the pink line is the difference. The upper set o f tick marks correspond to the
positions o f the Bragg peaks for the Fm3m phase and the bottom set o f tick 
marks correspond to the I I  phase, (b) Zoom of the refinement at high d- 
spacing showing the loss o f the splitting of the peak at ~1.98 A and showing 
that the peak at ~2.38 A is weaker than before the transition.
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Table 6. Refined atomic parameters for the S^MgMoOts samples II II  
phase (fixed parameters are in italic) at the range of temperatures where 
the transitions is observed. Mol is on 2a (0,0,0) and Mgl on 2b (1/2,1/2,0). 
The refined model has a total octahedral site occupancy o f 1.00, with the 
difference from the refined fraction F quoted here made up by occupancy of 
1-F o f Mg on Mol and Mo on Mgl.
200 °C (HRPD) 250 °C (HRPD)
S ri
X 0.4990 (18) 0.5011(27)
y -0 .0024 (24) 0.0018(26)
z 0.2488 (27) 0.2494 (23)
U 0.0133 (4) 0.0257 (5)
M ol
U 0.0083 (5) 0.0073 (4)
F 0.987 0.987
M gl
U 0.0083 (5) 0.0073 (4)
F 0.987 0.987
O l
X -0 .0125 (16) -0.0213 (16)
y 0.0125 (18) 0.0172(17)
z 0.2465 (18) 0.2493 (43)
U 0.0187 (3) 0.0294 (4)
0 2
X 0.2637 (14) 0.2706(14)
y 0.2360 (15) 0.2324(15)
z -0 .0062 (15) 0.0013(56)
U 0.0187 (3) 0.0294 (4)
0 2 b
X -0 .2273 (12) -0.2238 (14)
y 0.2704 (12) 0.2727(14)
z 0.0131 (9) 0.0058(15)
U 0.0183 (3) 0.0294 (4)
F 1.000(11) 1.031 (14)
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Table 7. Refined atomic parameters for the SrzMgMoO^ s samples II Fm3m 
phase (fixed parameters are in italic) at the range of temperatures where 
the transitions is observed.
200 °C (HRPD) 250 °C (HRPD) 300 °C (HRPD)
S ri
U 0.0334 (57) 0.0238 (4)
M gl
U 0.0187 (52) 0.0217 (5)
M ol
Ü 0.0187 (52) 0.0217 (5)
0.0140 (3) 
0.0035 (3) 
0.0035 (3)
Ol
X 0.2564 (40) 0.2577 (3)
U 0.0181 (27) 0.0234 (3)
F 0.999 (33) 0.970 (4)
0.2593 (2) 
0.0139 (2) 
0.95
NPD data collected in the range of temperatures of 350-800 °C 
contained only a single double perovskite phase and were successfully 
refined inFm3m. Table 8 and Table 10 show the agreement factors and 
lattice for samples 13 and sample III respectively. Figure 4 and Figure 5 
show NPD pattern at 500 °C for sample II and at 600 °C for sample III. It 
can be seen that the peak at -2.38 A has completely disappeared and the 
splitting of the peak at -1 .98 A disappeared. Table 9 and Table 11 show the 
refined structural parameters for both sample II and sample in  respectively.
106
Figure 6 shows the phase fractions of both samples as a function of 
temperature. The phase fractions for the R-P n=2 Sr3(MgxMo1-x)207.s phase 
observed as secondary phase in sample III remains constant at high 
temperature.
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Figure 4. (a) Rietveld refinement o f the backscottering bank neutron 
diffraction data from HRPD of sample II o f SrjMgMoO^h at 500 °C. 
Crosses are observed data, the solid red line is the calculated pattern and 
the pink line is the difference. The set o f tick marks correspond to the 
positions o f the Bragg peaks for the Fm3m phase (b) Zoom of the 
refinement at high d-spacing showing a single peak at ~1.98 A and showing 
that the peak at ~2.38 A has disappeared.
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ab
Figure 5. (a) Rietveld refinement o f the backscattering bank neutron 
diffraction data from Polaris o f sample III o f S^MgMoOts at 600 °C. 
Crosses are observed data, the solid red line is the calculated pattern and 
the pink line is the difference. The tick marks show the Bragg peaks for, 
from top to bottom, the n=2 Ruddlesden-Popper phase, MgO and the cubic 
phase o f Sr2MgMo06.s (b) Zoom o f the refinement at high d-spacing 
showing a single peak at ~1.98 A and showing that the peak at ~2.38 A has 
disappeared.
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Table 10. Refined parameters and refined cell constant for sample III o f 
S^MgMoOd-g at temperatures above the transition:
wRp (%) 
R p(% )
x2 .
a (A)
v (A3)
500 °C 
(Polaris)
L04
1.62
2.447
7.940833 (56) 
500.724(11)
600 °C 
(Polaris)
L03
1.61
2.395
7.951100(66) 
502.668 (12)
700 °C 
(Polaris)
T 03
1.59
2.402
7.962535 (65) 
504.840 (12)
800 °C 
(Polaris)
7*02
1.58
2.351
7.972266 (69) 
506.694(13)
Table 11. Refined atomic parameters for the S^MgMoOas sample III (fixed
parameters are in italic) at temperatures above the transition.
500 °C 
(Polaris)
600 °C 
(Polaris)
700 °C 
(Polaris)
800 °C 
(Polaris)
Sri
U 0.0213 (4) 0.0219 (5) 0.0229 (5) 0.0254 (3)
M gl
U 0.0119(4) 0.0114(4) 0.0107 (4) 0.0111 (2)
M ol
U 0.0119(4) 0.0114(4) 0.0107 (4) 0.0111 (2)
O l
X
U
F
0.2577 (4) 
0.0274 (4) 
0.91
0.2583 (4) 
0.0285 (5) 
0.91
0.2582 (5) 
0.0288 (4) 
0.91
0.2573 (4) 
0.0317(2) 
0.91
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Figure 6. Representation of the Phase Fraction against Temperature for II 
and Fm3m phases in both sample II (red points) and sample III (blue 
points) o f Sr2MgMoOf,s and for the R-P n=2 SrfMgxMo ¡xhOj-t (green 
symbols) present in sample III showing the transition between 175 °C and 
350 °C.
4.4. Discussion.
The perovskite phase in sample II and sample III o f S^MgMoOfi^ 
were successfully refined at high temperature in the cubic Fm3m space
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group. At intermediate temperatures alternative space groups were tried in 
order to find a suitable structural description. Several potential intermediate 
space groups are possible according to Kennedy et al ’ . Given these 
possible intermediate phases a number of different models were tried for the 
mixed temperature regime. Initially refinement in the monoclinic group 
P2j/n was tried but the final refinement obtained was not satisfactory. 
Refinement in the alternative monoclinic group I2/m and in the tetragonal 
space group I4/m were also unsatisfactory with refinement values of x = 
17.91 and x2 = 9.19 respectively. Finally refinement with both cubic
Fm3m space group phase and triclinic II space group phase present gave a 
superior agreement than all the case tried before. In this refinement a value 
of x2 = 1.342 was reached for sample II at 350 °C.
As discussed in the previous chapter Sr2MgMo06 adopts the tilt 
system a°a°c', with octahedral distortions reducing the tetragonal tilt-based 
symmetry to triclinic. It could be thought that the phase transition passes by 
an intermediate phase which would be the tetragonal I4/m. Refinements in 
an I4/m space group have been tried at temperatures in the transition but no 
satisfactory fit were obtained (x =9.19).
It has been reported that the analogous compounds SrMWOfi 
(M = Ni,Zn,Co)5’6’12 have a second order phase transition from the
tetragonal I4/m space group to the cubic Fm3m space group. However, in 
the case of SrMWO& (M = Cu)3, a transition from the tetragonal I4/m space 
group to I4/mmm space group was reported. All these transitions are second
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order and are consistent with the pseudo symmetry concept. On the other 
hand, the reported monoclinic P2i/n to the tetragonal I4/m transitions for the 
compounds Sr2M W 06 (M=Zn, Co) and a transition from the tetragonal
I4/mmm space group to the cubic Fm3m space group for Sr2M W 06 
(M = Cu) are reported to be first order transitions.
In the case of Sr2NiM o066 the transition from the tetragonal I4/m
space group to the cubic Fm3m space group was also second order. 
Associated with a continuous change in the rotation of the NiOfi and MoOfi 
octahedra, bond valence calculations indicate that the driving force for the 
phase transition is the bonding demands in the Sr A-sites cation, which 
adopt a distorted SrO]2 coordination in the tetragonal structure. It has also 
been reported that the environment of the polarisable d° Mo (VI) also 
becomes more distorted in the tetragonal structure.
Both double perovskites Sr2FeM o06 and Sr2CoM o06 undergo a
similar structural transition from the cubic Fm3m space group to the 
tetragonal I4/m space group.
The data presented above show that Sr2MgMoOf>_g does not present a 
continuous phase transition as might be expected by analogy with other 
Sr2M M o06 perovskites. Figure 7 shows the cell volume versus temperature
for both II triclinic and Fm3m cubic phases. It can be seen that the different 
volumes do not converge as it would be expected for a continuous phase 
transition. In the same manner, Figure 8 shows the a parameter for the
Fm3m cubic phase and the c parameter, V2 x a parameter and V2 x b
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parameter for the II triclinic phase versus temperature. Around the 
transition the values for the triclinic lattice parameter would be expected to 
converge with those of the cubic cell in the case of the continuous phase 
transition.
Table 12 to 14 show the refined bond lengths and calculated bond 
valence parameters for sample II o f Sr2MgMo06-s at temperatures below the 
transition, at temperatures in low phase region and at temperatures above 
the transition for both triclinic II and cubic Fm3m structures. It can be seen 
that the M o-0 distances decrease sharply above the transition for both 
samples II and in. This apparent reduction in bond length may be due to 
dynamic displacements in the high temperature phase.
116
502 -|
Figure 7. Representation o f the double volume for the 11 phase and the
volume o f the cubic phase Fm3m against temperature in the region o f the 
phase transition. The crosses show the points calculated by extrapolation of 
the trend in the volume for the cubic phase and the triclinic phase 
respectively. The differences in the slope for both volumes trend can be 
seen.
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Tem perature (°C )
Figure 8. Representation o f the lattice parameters against temperature for 
sample II o f Sr2MgMo06-s for both triclinic I I  space group and cubic 
Fm3m space group phases. The graph shows both phases lattice parameter 
do not converge at the transition temperature.
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Table 12. Refined bond lengths and calculated bond valence sums in the
triclinic 11 phase o f II o f  Sr2M gM o06-s (refined oxygen deficiency is given 
in the final row) at temperatures below the transition. The fixed parameters 
are in italic.
Bond RT (HRPD) 100 °C (HRPD) 150 °C (HRPD)
M ol-O l x2J À 
M ol-02  x2 /  Â 
M ol-02b x 2 /Â
1.9602(28)
1.9475(10)
1.9424(9)
1.966(11) 
1.975 (4) 
1.955 (4)
1.95645 (1) 
1.94036 (3) 
1.93546 (3)
M g2-01 x 2 /Â  
M g2-02 x2 / Â 
M g2-02b x 2 /Â
2.0059 (28) 
2.0062 (10) 
2.0260 (8)
2.001 (11) 
1.984(4) 
2.008 (4)
2.00910 (1) 
2.01494 (3) 
2.03859 (3)
M oBVS 
Mg BVS 
Sr BVS
5.34 (4) 
2.53 (2) 
2.05 (2)
5 .13(2) 
2.63 (2) 
2.01(9)
5.43 (3) 
2.47 (5) 
2.00 (7)
Slr-rmean)2 Mo-O 
£(r-rmean)2 Mg-O 
6
1.87E-04
3.92E-04
0.014(2)
2.01E-04 
3.05E-04 
0.001 (7)
2.22E-04
4.88E-04
0.014
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Table 13. Refined bond lengths and calculated bond valence sums in the 
both triclinic II  phase (a) and cubic Fm3m phase (b) o f sample II of 
Sr2MgMo06-s (refined oxygen deficiency is given in the final row) at 
temperatures in the two phase region. 
a
Bond
200 °C
Triclinic phase 
(HRPD)
250 °C
Triclinic phase 
(HRPD)
M ol-O l x2/  À 1.95541 (2) 1.981 (34)
M ol-02  x2 /  Â 1.97760(4) 1.994 (8)
M ol-02b x2 / Â 1.97615(4) 1.976 (8)
Mg2-01 x2 / Â 2.01104(2) 1.993 (34)
M g2-02 x2 /  Â 1.97941 (4) 1.971 (8)
Mg2-02b x2 /  Â 1.99521 (4) 2.003 (8)
MoBVS 5.07 (1) 4.88 (5)
Mg BVS 2.65 (1) 2.70 (5)
SrBVS 1.98(1) 2.00(11)
2(r-rmean)2 Mo-O 3.08E-04 1.73E-04
£(r-rmean)2 Mg-O 4.90E-04 5.36E-04
5 0.010(11) 0.014
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bBond
200 °C 
Cubic phase 
(HRPD)
250 °C 
Cubic phase 
(HRPD)
300 °C 
Cubic phase 
(HRPD)
Mo-O X 6 / A 
Mg-O X 6 /  Â
1.88738(4) 
2.06729 (4)
1.90549 (2) 
2.05124(2)
1.90669(1) 
2.05355 (1)
Mo BVS 
M gBV S  
Sr BVS
6.32(1)
2 .18(1)
1.91(1)
6.02 (1) 
2.28 (1) 
1.89(1)
6.00(1)
2 .26(1)
1.89(1)
Ö 0.010(33) 0.030 (4) 0.05
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Two possible explanations can be put forward to explain the 
observed behaviour. Firstly, this transition is first order where hysteresis is 
expected. In the case o f Sr2CuW 06, a first order transition from the 
tetragonal I4/mmm structure to the cubic Fm3m structure was reported. No 
intermediate phases have been identified in the case of Sr2MgMo06-8- In 
order to confirm this, refinements in several models I2/m, I4/m or I4mmm 
were tried without satisfactory result.
Secondly, the hysteresis in transition can be explained for the 
presence of strains due to anti-phase boundaries13,14. We have postulated 
that Sr2MgMoOfi-8 has a high density of anti-phase boundaries in order to 
accommodate the presence o f oxygen vacancies. These anti-phase 
boundaries could cause hysteresis and lead to an apparently first order 
transition due to the change produced by the anti phase boundary.
Here the total thermal expansion coefficients were calculated using 
the relation,
To, _ ( P ~ P J  I
p PoAT I ”°2
( 1 )
where p stands for the lattice parameters a, b and c and the unit cell volume 
V, p0 represents the values of the lattice parameters and the unit cell volume 
V at the reference state, and AT = T -  T0 stands for the temperature range. 
The reference state was chosen to be T0 = 25 °C. The total expansion 
includes the thermal expansion, defined at constant oxygen content, and the 
chemical expansion, defined at constant temperature15. In the previous study
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done by Huang et al.16 the thermal expansion coefficient was determined by 
dilatometry measurements. The total expansion coefficient values calculated 
from Equation (1) are aa = 19.46 • 10"6 K *, Ob = 15.98 - 1 0  KT , 
Oc = -26.99 • 10'6 K'1 and av = 32.83 • 10"6 K 1 for the temperatures below 
the transition and aa = 17.38 • 10"6 K’\  Ob = 16.29 • 10"6 K \  <Xc = 4.08 • 10 
K'1 and av = 37.80 • 10-6 K'1. The average o f the coefficients for the three 
lattice parameters a, b and c or av/3 can be compared with the values 
obtained by dilatometry measurements by Huang et al. The values obtained 
are very close to the dilatometry values: amean = 10.93 • 10"6 K 1 
VS. ctHuang = 11.70 • 10^ K~‘ at low temperature and amean = 12.67 • 10"6 K 1 
vs. (XHuang = 12.70 • 10-6 K'1 at high temperature. These values are also 
typical values of values for good solid oxide fuel cells components reported 
in the literature, for instance YSZ a = 10.00 • 10"6 K
4.5. Conclusion.
It has been shown that the double perovskite Sr2M gM o06-5 
transforms at high temperature from a triclinic II structure to a cubic
Fm3m structure. This phase transition is observed over a range of 
temperature between 200 °C and 300 °C with both phase coexisting in this 
range.
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By analogy with known Sr2MMo06 systems a continuous second- 
order phase transition might be expected. However, it was shown that the 
double perovskite Sr2M gM o06^  does not present a continuous phase 
transition but the data shows an apparently first order transition from the
triclinic II space group to the cubic Fm3m space group.
Thermal expansion coefficient values were obtained from the data at 
the different temperatures that are very close to the values reported in the 
literature obtained from dilatometry measurements.
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Chapter 5:
Crystal structure and 
microstructural features of 
Sr3Mg0.5Moi.5O7.8.
5.1. Introduction.
Ruddlesden-Popper (R-P) type structures of general formula
A„+iBn03„+i (A = lanthanoid, rare earth; B = transition metal)1,2 have been
the subject of numerous studies. They are structures consisting of alternating
perovskite blocks n layers thick and a rock salt-type layer. This diverse
family exhibits complex magnetic and electronic properties as a function of
composition3’4. They support a large range of non stoichiometry5 7
compounds and have been widely studied, because of their diverse
photocatalytic activity, ionic conductivity, magnetic, dielectric,
8-11luminescence, and intercalation properties
In chapter 312, the double perovskite S^MgMoOfi-g has been found to 
adopt a V2 ap x ^2 ap x 2 ap superstructure of the simple perovskite cell,
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derived from an a°a°c tilt system via distortion of the Mg- and Mo centred 
octahedra. Reduction of Sr2M gM o06 appears to be correlated with antisite 
disorder at either point or extended anti-phase defects. Upon further 
reduction above 900 °C, Sr2M gM o06 begins to decompose into a reduced 
material related to an n = 2 Ruddlesden-Popper (R-P) structure with a 
significantly higher Mo:Mg ratio and MgO is detected as a secondary phase.
01
Figure 1. Refined structure o f the n = 2 Ruddlesden-Popper phase 
Sr3(MoI.xMgxh07.d (x = 0.215(9), d -  0.49(3)) (sample III chapter 3) viewed 
along [010]. 01 is labeled to show the location of the oxygen vacancies.
Preliminary TEM studies combining electron diffraction patterns 
with EDS analysis have confirmed the R-P type structures of the reduced
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material with a Mg/Mo ratio close to 3. Based on these initial investigations 
attempts were made to synthesis pure phases based on the refined 
composition of the intergrowth in sample III chapter 3 (Sr3Mgo.5M0 1 .5O7-« 
Figure 1).
This chapter deals with the investigation in the Sr-Mg-Mo-0 system 
at compositions close to those of from the generic formula 
Srn+i(Mg,Mo)nC>3n+l-
5.2. Experimental.
The best result were achieved by direct reaction o f SrO, MgO, M0 O3 
and Mo as starting materials and by using sealed silica tubes in order to 
control the oxygen stoichiometry. The starting materials were handled in a 
dry box due to the utilisation of SrO and its instability in air. Molybdenum 
metal and M o03 are used in order to control the oxygen stoichiometry. The 
precursor materials are weighed and mixed in the dry box, pressed into 
pellets and introduced in silica tubes. These tubes were evacuated at vacuum 
of 10"5 torr and sealed.
Other experimental information can be found in chapter 2.
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5.3. Results and discussion.
Table 1 shows a summary o f all the different synthetic methods and 
samples protection used in the attempt of the synthesis o f this R-P n = 2 
phase.
Table 1. D i f f e r e n t  m e t h o d s  a n d  s a m p l e  p r o t e c t i o n  t r i e d  i n  t h e  a t t e m p t  o f  t h e  
s y n t h e s i s  o f  t h e  R - P  n  =  2  p h a s e .  T h e  b e s t  r e s u l t s  a r e  s h o w n  i n  y e l l o w .
Methods used Sample protection
Normal solid state reaction in 
different atmospheres 
Sol-gel route 
"Mg/MgO" route 
Sri_xMgxO as precursor 
Sealed tubes
Alumina crucible 
Pt tubes and foil
Other synthetic methods were tried such as the well-known sol-gel 
route, a named-“Mg/MgO” route equivalent to the one used by Steiner et al 
in the synthesis o f S^Moi sZno.sOv-g13 or die utilisation of a “Sri_xMgxO 
oxide as precursor in order to improve the reactivity o f the magnesium. The 
atmospheres used during these different methods were air, 5 % H2/N2 and 
H2. None of these methods gave satisfactory results. X-Ray powder 
diffraction data showed the formation of the double perovskite Sr2MgMo06- 
5 as main phase (Figure 2).
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Figure 2. P o w d e r  X - R a y  d i f f r a c t i o n  p a t t e r n  f o r  S r 3 ( M o i . x M g , x ) 2 0 7 . & 
s y n t h e s i s e d  u n d e r  5  %  H 2/ N 2.
Only reactions in sealed quartz tubes, in order to control the oxygen 
stoichiometry, were found to form significant quantities of the R-P 2. At this 
point, a systematic study was performed of different oxygen stoichiometries 
and Mg: Mo ratios in order to find the optimal composition. It was also 
observed that the quality of the product was improved when the sample was 
place inside a platinum tube instead of an alumina crucible within the sealed 
silica ampoule. Once the reaction was finished the tubes were opened inside 
the glove box and were checked by X-Ray powder diffraction using an air 
sensitive X-Ray sample holder.
Table 2 lists the different nominal chemical composition which were 
tried in order to isolate the R-P n = 2 phase pure.
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Table 2. D i f f e r e n t  n o m i n a l  c o m p o s i t i o n  a t t e m p t e d  f o r  t h e  s y n t h e s i s  o f  t h e  
R u d d l e s d e n - P o p p e r  n  -  2  p h a s e .  M o  o x i d a t i o n  s t a t e  i s  m a r k e d  f o r  e a c h  
c o m p o u n d .  T h e  b e s t  s a m p l e  i s  h i g h l i g h t e d  i n  y e l l o w .
Composition 
tested Mg/Mo 
1:1
Sr3MgMos+Of,5
Sr3MgMo4+06
Composition tested 
Mg/Mo 1:2
S r 3M g 2 /3 M o 4 /3 3 "52+Ofi
Composition tested 
Mg/Mo 1:3
S r 3M g o .5 M o i.5333+0 6  
Sr3Mgo.5Moi 54+Ofi.5 
Sr3Mgo.5Moi.5413+06.6
S r3Mgo.5Moi.54'4+0 6 .8
Sr3Mg0.5Moi.54'67+O7
Figure 3 shows X-Ray diffraction data for three different samples as 
a function of the Mg: Mo ratio. Though not phase pure it can be seen that 
the impurities peaks are minimised for SrjMgo.sMo 1.5O7-8 where the R-P 
n=2 phase Sr3(MgxMoi-x)2(>7-8 is clearly the main phase and S^M gM oO^  
and SrnMo4023 are impurity phases. In the other cases, “Sr3MgMoCW’ and 
“Sr3Mg2/3Mo4/307^ ”, the double perovskite S^M gM oO^ is the main phase 
and the R-P n = 2 only a minor phase.
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Figure 3. X - R a y  p o w d e r  d i f f r a c t i o n  p a t t e r n s  f r o m  d i f f e r e n t  n o m i n a l  
c o m p o s i t i o n s  t r i e d  i n  f u n c t i o n  o f  t h e  M g . M o  r a t i o ,  S r 3M g M o 0 7 .&  
S r 3M g 2/ 3M o 4/ 30 7 - s  a n d  S r 3M g o . 5M o i . 5 O 7.d_
At this point, the presence of the impurity named Sri|Mo40 23 should 
be noted, this phase will be discussed further in chapter 6. This phase was 
preliminarily identified as Sr3Mo06, based on reported diffraction profiles.
Once the optimum Mg: Mo ratio had been determined, a systematic 
study was performed in order to determine the correct oxygen 
stoichiometry. Table 2 lists the different nominal oxygen stoichiometries 
tested. The best result was found for Sr3Mgo.5M01.5O6 8. In the same manner, 
different time and temperature treatments were explored in an attempt to 
isolate the phase in a pure form. Table 3 summarizes conditions tried. The 
best result was obtained firing a sample of nominal composition 
Sr3Mgo.5M01.5O6 8 at 900 °C for 12 h., then at 1100 °C for 24 h. and finally at 
1200 °C for 24 h in a single heat treatment.
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Figure 4 shows X-Ray diffraction data for three different samples in 
function of the nominal oxygen stoichiometry. It can be seen how the 
samples with nominal composition Sr3Mgo.5M01.5O6 8 gives the best result. 
However, the double perovskite Sr2MgMo06-s and the pseudo-perovskite 
SriiMo4023 phase as impurity phases are always present.
Figure 4. X - R a y  p o w d e r  d i f f r a c t i o n  p a t t e r n s  f r o m  d i f f e r e n t  n o m i n a l  
c o m p o s i t i o n s  t r i e d  i n  f u n c t i o n  o f  t h e  o x y g e n  s t o i c h i o m e t r y ,  S r 3M g o . 5M o j . 5O 6, 
S n M g o  s M o  1.5O 6.5 a n d  S r 3M g o . 5 M o i . 5 0 6 .8  ,  i n  t h e  a t t e m p t  o f  t h e  s y n t h e s i s  o f  
t h e  R u d d l e s d e n - P o p p e r  n  =  2  p h a s e .  T h e y  a r e  m a r k e d  t h e  p h a s e s  i d e n t i f i e d  
i n  e a c h  X - R a y  p o w d e r  d i f f r a c t i o n  p a t t e r n .
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The purest sample obtained for the composition Sr3Mgo.5M01.5O6 8 
was further studied by TEM techniques. EDS analysis for this sample 
confirmed its poor homogeneity and lead to average chemical formula of 
Sr2.68Mgo.64M01.67 considering a theoretical R-P n = 2 stacking mode. 
Reconstruction of the reciprocal space of SrsMgosMo 1.507,5 from electron 
diffraction patterns (Figure 5) revealed cell of dimensions of ap x ap x 20 Â 
and reflection condition of h+k+l=2n consistent with the tetragonal space 
group I4/mmm in good agreement with the lattice expected in the case of n 
= 2 members of R-P series (white arrows). However, it can also be seen 
from the electron diffraction study that extra spots or diffuse spots are often 
observed along c .
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Figure 5. S e l e c t e d  a r e a  e l e c t r o n  d i f f r a c  t o  g r a m s  (ED) f o r  S r 3M g o . 5M 0 1 .5 O 7s  
f o r  t h e  ( a )  [ 1 0 1 ] ,  ( b )  [ 1 1 0 ] ,  ( c )  [ 0 1 0 ]  p r o j e c t i o n s .
Given the observations of extra spots a High Resolution Electron 
Microscopy study (HREM) was carried out on S^MgasMoi^Ofi.«. This 
showed typical defects in the n = 2 R-P matrix. Figure 6 and Figure 7 show 
that these defects can be identified either as a Ruddlesden-Popper type
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phase n=l or as the double perovskite Sr2M gM o06^  intergrowth in the R-P 
n = 2 phase. Figure 8 shows an electron diffraction pattern of the 
Ruddlesden-Popper n=2 phase where spots from the double perovskite 
Sr2MgMo06-8 are also apparent.
Thus it seems likely that the extra spots or diffuse scattering 
observed along the c* can be interpreted as the superposition of diffraction 
spots belonging to different members o f the R-P series in an R-P n = 2 
matrix. In the case of SrsMgo.sMo^O?^ no ordering phenomena has been 
observed by HREM observations, contrary to the highly ordered phase 
Sr2MgMo06-5 studied in chapter 3.
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Figure 6. HREM image and ED pattern (insert) o f Sr3Mgo.5M0 1 .5 O 7s  viewed 
in the [100] projection showing some defects which can be identified as R-P 
n = l intergrowths.
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[100]
Figure 7 . H R E M  i m a g e s  o f  S r 3M g o . 5M 0 1 .5 O 7 s  v i e w e d  i n  t h e  [ 1 0 0 ]  
p r o j e c t i n g  s h o w i n g  t h e  d o u b l e  p e r o v s k i t e  i n t e r g r o w t h s  i n  t h e  R-P n = 2  
i n t e r g r o w t h s .
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Figure 8 .  E D  p a t t e r n  i n  t h e  [ 0 1 0 ]  p r o j e c t i o n  o f  t h e  S r 3M g o . 5M 0 1 .5O 7s  o x i d e  
w h e r e  i t  i s  m a r k e d  i n  r e d  t h e  S ^ M g M o O o s  i n t e r g r o w t h .
X-Ray powder diffraction refinements have been carried out on the 
best sample obtained for the Ruddlesden-Popper n = 2 phase 
Sr3Mgo.5M01.5O68. Figure 9 shows the powder XRD refinement in the 
tetragonal I4/mmm space group with a = 3.9477 (9) A and c = 20.5544 (8) 
A. The double perovskite Sr2MgMo06-8 and the pseudo-perovskite 
SrnMo4023 were introduced as additional phases in the refinement in order 
to determine their weight fraction in the material. The double perovskite
Sr2MgMo06-s was introduced with the cubic model in the Fm3m space 
group discussed in chapter 4. Other models such as a positionally fixed
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triclinic model or a I2/m model were tried but the results were no better than 
those obtained using the cubic model. In the same manner, for the pseudo- 
perovskite Srn Mo4023, the tetragonal model I4,/a (discussed in chapter 6) 
was used. The result obtained was 20.51 (21) wt% for the double perovskite 
Sr2M gM o06-5 and 9.04 (15) wt% for the pseudo-perovskite SrnMo4C>23- 
Table 4 shows the cell parameters, cell volume, refinement parameters and 
phase fractions.
□-spacing. A,
Figure 9. X-Ray powder diffraction refinement plot for the Ruddlesden- 
Popper n = 2  Sr3Mgo.5Moj.5 O6.8- The tick marts show the Bragg peaks for, 
from top to bottom, the n = 2  R-P phase S r 3M g o . 5M o j . 5O 7s ,  the double 
perovskite Sr2MgMo06S and the pseudo-perovskite SrjjMo4023-
Table 5 shows the refined atomic parameters and refined occupancy 
values for the Sr3Mgo.5Moi.507-8. The refined occupancy appears to indicate
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some deficiency on the strontium site as indicated by the EDS analysis. The 
refined strontium content is 2.67 (12). In the same manner, the occupancy 
value for the molybdenum and for the magnesium are 1.34 (12) and 
0.66 (12) respectively. These values give a chemical formula for this phase 
of Sr2.67Mgo.6fiM01.34. This chemical formula is more consistent with the 
average chemical formula observed by EDS: Sr2.68Mgo.64M01.67. However 
the overall role of strontium vacancies and or substitution of other cations 
on the strontium site is still unclear. Given that syntheses carried out starting 
with Sr2.75Mgo.5M01.5O74> as the nominal composition and varying the 
oxygen stoichiometry yielded no improvement in the quality of the 
diffraction patterns was observed. All still yielded multiphase products 
comprising the double perovskite Sr2MgMo06-s, the pseudo-perovskite 
SrnMo4023 and the n = 2 R-P phase SrsMgo.sMoi.sO?^ similar to those 
observed in the case of Sr3Mgo.5M01.5O6.
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Table 4. R e f i n e m e n t  p a r a m e t e r s ,  r e f i n e d  c e l l  c o n s t a n t s  a n d  p h a s e  f r a c t i o n  
( q u o t e d  i n  w e i g h t  % )  f o r  t h e  S r 3M g o . 5M 0 1 .5O 7s ,  S ^ M g M o O o s  a n d  
S r i  ¡ M 0 4 O 23 o x i d e s  p r e s e n t  i n  t h e  t e t r a g o n a l  I 4 / m m m  s p a c e  g r o u p .
Sr3MgojMoi.s07-8 S^M gM oO^ SrnMOitO»
x2
RwP(%)
Re*p(%)
a ( I )
c (A )
Phase fraction 
Sr3Mgo.5Moi.507^  (%) 
Phase fraction 
Sr2MgMo06-a (%)
Phase fraction
SrnM04O23 (%)
3.259
23.24
7.13
3.9476(1) 
20.5546 (8)
71.11 (2.18) 
19.28 (44) 
9.61 (16)
7.9144 (2) 11.5987(12) 
16.3920 (33)
Table 5 .  R e f i n e d  a t o m i c  p a r a m e t e r s  a n d  r e f i n e d  o c c u p a n c i e s  f o r  t h e
S r 3M g o . 5M 0 1 .5O 7s  o x i d e  i n  t h e  t e t r a g o n a l  I 4 / m m m  s p a c e  g r o u p .
atom Site X y z Uiso (A) occupancy
Sri 2 b 0 0 0.5 0.035 (3) 0.88 (4)
Sr2 4 e 0 0 0.3128 (3) 0.035 (3) 0.92 (4)
M ol 4 e 0 0 0.1010(3) 0 . 0 2 5 0.70 (6)
M gl 4 e 0 0 0.1010(3) 0 . 0 2 5 0.30 (6)
O l 2 a 0 0 0 0.016 (20) 0 . 9
02 4 e 0 0 0.2182 (4) 0.020 (13) 1
03 8 g 0 0.5 0.0959 (9) 0.016(11) 1
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5.4. Conclusions.
Attempts to synthesis a new R-P n=2 phase of general formula 
Sr3(MgxMoi_x)207^ proved partially successful although it has not been 
possible to obtain a pure single phase. It has been obtained as the majority 
phase (which has been identified as a n = 2 Ruddlesden-Popper phase of 
formula Sr3Mgo.5Moi.507^) and the impurities identified as the double 
perovskite Sr2MgMo06-s and the pseudo perovskite SrnMo40 23, both of 
them are discussed elsewhere in this thesis. The phase fraction in this 
sample has been calculated by Rietveld refinements and it has given a result 
of 71.11 (2.18) wt. % for the n=2 R-P Sr3Mgo.5M01.5O7.«, 19.28 (44) wt. % 
for the double perovskite SroMgMoOo-g and 9.61 (16) % for the pseudo­
pero vskite SrnMo40 23.
HRTEM of this compound shows numerous defects in the n=2 R-P 
phase which can be identified as isolated n=l R-P type phase defects and the 
double perovskite Sr2M gM o06-8, which appears as extended defects in the 
R-P n=2 matrix. In the same manner, EDS analysis in these crystals have 
given an average chemical formula Sr7.68Mgo.MM01.67, a little different that 
the chemical formula expected Sr3Mgo.5Moi.507-8- It appears from the 
synthetic work carried out that the n =2 R-P phase is only stable in 
conjunction with other phases which makes it’s detailed analysis 
problematic.
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Chapter 6:
SriiMo40 23 a vacancy ordered 
variant of the cryolite 
structure
6.1. Introduction.
Perovskite are amongst the most heavily investigated structural 
families in solid state chemistry. The structure has been described in section 
1.3.1. Many systems with mixed occupancy on cation sites form ordered 
superstructures, in general B cation-ordering is more common than A cation 
ordering1,2. Amongst the B site ordered systems is the cryolite structure 
A3B06 (named after a mineral of composition Na3AlF6) where the larger 
cation adopts two distinct coordination environments. As discussed in 
chapter 5 we observed “Sr3M o06” as an impurity during the attempted 
synthesis of Sr3Mgo.5Moi.507-5. Given that these materials have the potential 
to be mixed conductors under suitable conditions a further investigation into 
the “Sr3Mo06” composition was carried out.
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Cation deficiency has been observed in similar systems. A-site 
vacancy-orderings are found in compounds such as Li0 i8La0.6iDo.2iTi03 , 
Sri-3x/2LaxDx/2Ti034, (Ba7/4Gi/4)Ba0s065, (Sr^D iwlSrReOfi ,
(La4/3□ 2/3>MgW067 or (Ba7/4ni/4)BaW05.758’9- Examples of B-site vacancy 
ordered perovskites include Ba2(B3/4Gi/4Sb)06 (B = Cel0 U, Zr11).
Prior to this study the compounds reported in the ternary system Sr- 
M o-0 are Sr2M o0412’13, Sr3M o20714’15, SrMo0416, SrMo0317, SrMo50 817 
and Sr3M o0618- As it can be seen molybdenum can adopt several different 
oxidation states. This oxidation states richness provides the promise of 
interesting electric properties. Curiously, full structural determinations have 
been carried out for all the compounds except for the compounds named 
Sr3M o06. Figure 1 shows the ternary Sr-Mo-0 phase diagram, constructed 
from the reported phases17. Sr3M o06 was first reported by McCarthy et al. 
in 197318. In that report the X-Ray powder data have been indexed in a 
cubic cell with a= 16.39 (1) A but the full structural determination was not 
attempted. In this chapter, the structural characterisation of a new cryolite- 
type material of chemical formula SrnMo4023 will be presented.
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OFigure 1. The ternary phase diagram in the Sr-Mo-O system showing the
different phases reported17.
6.2. Experimental.
Sr3M o06 and SrnMo40 23 samples were prepared by direct reaction 
of SrC03 and M o03 in stoichiometric quantities. The powder was pressed 
into bars and calcined at 900 °C for 12 h and 1200 °C for 24 h in air. The 
samples were reground, pressed into bars again and refired at 1300 °C for 24 
h in air. At this point, powder X-ray diffraction indicated that SrnMo4023 
sample was single phase while Sr3Mo06 showed multiphase formation.
In order to do the physical measurements, the compound was ground 
again and uniaxilly pressed into pellets under 300 MPa pressure. The pellets
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were sintered at 1000 °C during 24 h. The relative densities of the pellets 
were calculated according to the weight and dimensions of the pellets. 
Density values of 85-90 % were obtained for the material.
Other experimental information can be found in chapter 2.
6.3. Results.
Initial attempted samples to synthesise “SrsMoOs” were analysed by 
EDS. This confirmed the presence of a main phase with a Sr/Mo cation ratio 
close to 2.75 and the presence of some crystallites which had a Sr/Mo cation 
ratio close to 8. In an attempt to isolate a single phase the synthesis of 
SrnMo4023 (Sr/Mo = 2.75) was attempted. EDS analysis confirmed the 
homogeneity of the sample and that the Sr/Mo cation ratio is close to the 
starting 2.75 ratio. The presence of a very small number of crystallites with 
a Sr/Mo cation ratio close to 1 was detected indicating the presence of 
SrMo0412,13as a minor impurity. Attempting to isolate the phase with a 
Sr/Mo cation ratio close to 8 only yielded mixed phase products.
SrnMo4C>23 was observed by TEM techniques (ED and HREM 
images) in order to define the structural features. The analysis of the 
reciprocal space is not consistent with the previous cubic indexation 
reported for “Sr3M o06”. This is illustrated by the [ 0 0 1 ] CUbic oriented ED 
pattern shown in Figure 2. From this experimental pattern we can see that 
the [110] cubic and [110] cubic directions are not perfectly orthogonal due to a 
slightly distortion between a and b cell parameters.
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Figure 2. Experimental Electron Diffraction patterns observed for 
Sri 1M 0 4 O 23 along to the [ 0 0 1 ] c u b ic  zone axis indexed in a cubic cell.
Powder X-Ray diffraction data of SrnMo4023 can be indexed in the 
tetragonal I4[/a space group with a = 11.5974 (1) A and c = 16.3986 (2) A. 
The sample is yellow-greenish. Figure 3 (a) compares the powder X-Ray 
diffraction patterns of “Sr3M o06” and “Srn Mo4023” compositions. Figure 3 
(b) shows an enlargement of the low angle region where it can be clearly 
seen that several reflections present in “Sr3Mo06” are absent in SrnMo4023- 
It can also be seen that the peaks of the main phase in SrnMo4C>23 are 
sharper than “Sr3Mo06” showing that the sample is more crystalline.
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Figure 3. (a) Powder X-Ray diffraction patterns showing the difference 
between the syntheses with composition “Sr^MoOf,” and SruMo40i3- (b) 
Enlarged view o f the low angle region. Stars highlight some of the peaks 
due to the minor impurity phases in “SrjMoOt,” not present in SruMo4023-
Initial attempts at structure solution were attempted in I4i/a using 
laboratory powder X-ray diffraction data (Figure 4 and Table 1). Figure 5
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shows the structural model derived from this refinement. The perovskite 
structure is confirmed with a clear ordering between Sr and Mo species on 
the B-site and the presence of A-site vacancies leading to the formulation of 
the structure as (Sr7D [)Sr4Mo4023 as in the related system 
(Ba7/4Di/4)BaW05.758,9. Although it was possible to obtain a reasonable fit 
(yi = 3.703) in this space group, it can be seen that the Mo-sites are very 
distorted leading to unreasonable M o-0 and 0 - 0  distances in the structure.
Figure 4. Rietveld refinement plot o f SruMo4023 using the laboratory 
powder X-Ray diffraction data. Red crosses are the observed data, the solid 
black line is the calculated pattern the blue line is the difference and the 
green tick marks show the positions o f the Bragg peaks.
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Figure 5. Refined structure o f SrnMo4023 obtained from the powder X-Ray 
diffraction data. Viewed along [010].
Table 1. Fit parameters, refined atomic positions, site occupancies and 
isotropic displacements for SruMo4023 based on the laboratory powder X- 
Ray diffraction data.
Atom Site X y
Sri W 0.2873 (8) 0.0245 (7)
Sr2 W 0.2070 (7) 0.2546(11)
Sr3 8e 0 0.2500
Sr4 4b 0 0.2500
M ol 8c 0 0
Mo2 8d 0 0
O l w 0.8657 0.4564
0 2 W 0.4202 0.367
0 3 16f 0.5000 0
0 4 16f 0.3852 0.1055
0 5 16f 0.9910 0.171
0 6 16f 0.1304 0.5881
Space group: IIcdd 11.5974(1) À,
9.12% .
z B (À2) Occupancy
0.8718 (8) 1.87(25) 1.000
0.0259 (7) 2.64 (13) 1.000
0.4083(10) 2.75 (58) 1.000
0.6250 2.13 (23) 1.000
0 1.94(11) 1.000
0.5 1.98 (12) 1.000
0.0403 1.50 0.875
0.0094 1.50 1.000
0.1257 1.50 1.000
0 1.50 1.000
0 1.50 1.000
0.0594 1.50 0.875
c = 16.3986 (2) À, x2 = 3.703, Rp =
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Given the problems discussed above with the model neutron 
diffraction data was collected on the HRPD diffractometer at ISIS. All 
attempts to fit the data obtained using the model derived from the X-ray 
diffraction data were unsatisfactory. Rexamination of the electron 
diffraction patterns showed that it was also possible to index them based on 
a larger R centred cell derived from the originally reported 4ap cubic 
perovskite superstructure (arhom = Viacubic -V^ CcuMc, brhom = -ViacuWc +1/2bCUbic, 
Crhom = 2(aCUbic + bcubie + c^bic)- This yielded a better LeBail fit to the
powder neutron diffraction data (Figure 6a) in R3 m . However as can be 
seen peak splitting could be observed clearly in the difference plot. Whilst 
this was improved using the monoclinic subgroup C2/m (Figure 6b) misfits 
are still noticeable on several peaks. Thus the structure was reduced to 
triclinic (atric = %arhom + 'Abrhom + '/jCrhran, btric = " Y&rbom + 'Abrhom + 
‘/sCrhom, Ctiic = - '^hom - %brhom + ‘/sCrhom) and this yielded a significantly 
better fit (Figure 7).
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Figure 6. P l o t s  o f  t h e  L e  B a i l  f i t s  f o r  S r u M o 40 23 c o m p o u n d  i n  s p a c e  g r o u p s  
( a )  R 3 m  a n d  ( b )  C 2 / m  s p a c e  g r o u p  r e s p e c t i v e l y .  C r o s s e s  a r e  o b s e r v e d  
d a t a ,  t h e  s o l i d  r e d  l i n e  i s  t h e  c a l c u l a t e d  p a t t e r n  a n d  t h e  b l u e  l i n e  i s  t h e  
d i f f e r e n c e .
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Figure 7. Plots o f the Le Bail fits for SruMo4023 In P I- Crosses are 
observed data, the solid red line is the calculated pattern and the blue line is 
the difference.
Table 2. Fit parameters and refined cell parameters for the Le Bail fits
rhombohedral, monoclinic and triclinic cells for SruMo4023-
Rhombohedral Monoclinic Triclinic
1.705 2.325
5.77 4.89
Rexp
Rwp
x2
a (A) 
b (A) 
c (A)
V (A3) 
a (degrees) 
P (degrees) 
y (degrees)
I. 966 
33.32 
16.95
II . 6279(1)
56.6595 (7) 
6634.45 (12) 
90 
120 
90
3.384
38.4058 (2) 
11.5837(1) 
20.0466 (1) 
4414.09 (3) 
90
150.334(1)
90
2.116
20.1720(1) 
20.1463 (1) 
20.1323 (1) 
2211.62(1) 
33.505 (1) 
33.456(1) 
33.336(1)
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Table 2 summarizes fit parameters and refined cell parameters for 
the rhombohedral ( R3m), monoclinic (C2/m) and triclinic ( P I ) Le Bail fits. 
At this point it is worth noting that the various cells R 3m , C2/m, PI and 
I4i/a are all subgroups of the Fd3m 16 fold perovskite superstructure 
reported for the analogous compound BanW4023- Though not derived in 
this manner the PI cell is also a subgroup of the I4i/a cell. The tetragonal 
I4i/a structural model describes the XRD data reasonably but not the 
neutron diffraction data. It can however provide a reasonable model for the 
heavy atom positions. To date the details of the light atom position in the 
triclinic structure have yet to be determined.
Variable temperature XRD and NPD data were collected for 
SrnMo40 23 in order to ascertain whether any transitions to higher symmetry 
structures occurred above ambient temperature. Figure 8 shows the XRD 
data collected between RT and 425 °C. No obvious phase transition is 
visible in this data. Figure 9 shows the NPD data collected on the 
POLARIS diffractometer at ISIS between RT and 700 °C. It can be clearly 
seen that several peaks disappear between the 500 °C and 600 C and that 
the material has begun to decompose at 700 C due to the reducing 
atmosphere produced by the vanadium can used.
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Figure 8. Variable temperature powder X-Ray diffraction patterns for the 
Sri [M04O23 in the range 25 °C-425 °C.
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Figure 9. (a) Variable temperature neutron powder diffraction data 
collected on the Polaris diffractometer at ISIS over the temperature range 
RT-700 °C for SrnMo4023. (b) Selected temperatures and d-spacing region 
showing the phase transition between 500 °C and 600 "C for Sri 1M04O23-
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Figure 10. Rietveld refinement plot o f the backscattering bank data for
Sr,,Mo4023 at 600 °C in the cubic Fd3m space group. /  = 1.538, wRp = 
1.59 %, Rp = 2.48 %, a = 16.5571 (1) A. Crosses are observed data, the 
solid red line is the calculated pattern and the blue line is the difference.
The 600 °C data was used in order to probe the refine the structure of
the high temperature phase. This data can be fitted using the Fd3m cubic 
model reported for the analogous compound BanW40238’9- Figure 10 shows 
the NPD data refinement. Table 3 gives the refined structural parameters 
for this structural model.
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Table 3. Refined atomic positions, site occupancies and isotropic 
displacements for SrnMo4023 at 600 °C.
Atom Site x y * Uiso (A x 102) Occupancy
Sri 8b 0.375 0.375
Sr2 48f 0.3998 (1) 0.125
Sr3 32e 0.2279 (1) 0.2279 (1)
M ol 16d 0.5 0.5
Mo2 16c 0 0
O l 96g 0.4983 (1) 0.4983 (1)
0 2 96g 0.0785 (3) 0.0785 (3)
0 3 96h 0 0.0798 (2)
0 4 96g 0.0096 (6) 0.0096 (6)
0.375 3.59 (20) 1
0.125 5.09 (14) 1
0.2279 (1) 6.68 (13) 1
0.5 2.09 (10) 1
0 3.12(13) 1
0.6148 (1) 5.11 (10) 1
-0 .0149 (5) 5.68 (40) 0.750
-0.0798 (2) 5.68 (40) 0.083
-0 .1094(11) 5.68 (40) 0.083
In order to probe the electrical properties of SrnMo4023 alternating 
current (AC) impedance spectroscopy was carried on SrnMo40 23- Figure 
11 shows the result of AC impedance spectroscopy measurements for 
SrnMo4023 between 200 °C and 800 °C. Impedance data in the 500-700 °C 
temperature range exhibit a significant Warburg electrode response with 
an associated large capacitance (> 10'7 F cm'1) in the low frequency range (< 
10 Hz), which is diagnostic of ionic conduction with partially blocking 
electrodes. The bulk and grain boundaries responses at higher frequencies 
overlap to form an asymmetric semicircular arc. The total resistivity (Rb + 
Rgb) for SrnMo4023 was extracted from the intercept of the semicircular arc 
at low. Above 700 °C, the electrode response dominated the impedance data 
and the semicircular arc collapsed; the intercept of the electrode response at 
high frequency was extracted as the total resistivity in this case.
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Figure 11. AC impedance spectroscopy measurements in air over the 200
°C-800 °C temperature range for SrnMo4C>23.
Figure 12 shows the Arrhenius plot calculated from the impedance 
data at low frequencies (<1 Hz) measured in air. From 500-800 C this 
material shows a conductivity of ~10 '3 S cm'1. This conductivity is slightly 
lower than those for the silicate apatites and YSZ (10'2 S cm ') which have 
been reported as good ionic conductors"1. These data show that SrnMo4023
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is a poor oxide-ion conductor with very small ionic contribution to the 
overall conductivity.
Figure 12. Arrhenius plot o f the total conductivity for Sr,iMo40 2i- The 
activation energies are marked on the graph.
6.4. Discussion.
It has been shown above that SrnMo4023 is the correct composition 
of the previously reported phase “SrsMoCV’ 18- Above 600 C the material 
appears isostructural with the analogous compound BauW 40238,9- The low 
temperature structure of SrnMo4023 is still unresolved. Attempts to verify 
the proposed symmetry derived from Le Bail fits of the neutron powder
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diffraction by ED and HREM are hampered by complex twinning 
phenomena as shown in Figure 13. Extra spots are observed on the ED 
patterns (marked with a red circle in Figure 13) that are not observed in 
some Fourier transformers of selected areas of the HRTEM images Figure
13.
Other defects can be observed as shown in Figure 1 4  for [100]cubic 
and Figure 1 5  for f l l l W -  In both cases one would expect the Fast Fourier 
Transform (FFT) would be the same for different areas. However, it can be 
seen that these FFT images are different for each projection which show that 
this compound presents numerous different twin domains exhibiting small 
domain sizes. At room temperature the neutron diffraction data can only be 
fit using a triclinic cell. This structure has not yet been solved. Some 
similarities should be noted with Ca3Nb2-xVx0 8 compound reported by 
Cranswick et al22. This compound was described with vacancies in both the 
anion sites and A-cation sites. This report shows the complexity of the room 
temperature structure and outlines some o f the difficulties that need to be 
overcome to solve the structure.
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Twinning phenomena [101] 
projection
Figure 13. Electron diffraction pattern (top) and the HREM (bottom) 
image of the [101 ] projection for SruMo4023■ The insert shows the Fast 
Fourier transform (FFT) o f the HREM. The extra peaks observed in the ED 
patterns are absent in the FFT (it’s location is marked by the arrow).
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Figure 14. HREM image o fSru Mo4023 in the [100]cuhic projection top and 
below FFT images o f selected areas showing two different orientations.
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Figure 15. HREM image o f Sr,,Mo40 23 in the [111]cubic projection top and 
below FFT images o f selected areas showing two different orientation.
Above 500 °C the material adopts a simpler structure. Rietveld 
refinements showed that the material is isostructural with BanW 4023. 
Figure 16 shows the derived structural model of SrnMo4023 oxide at 600
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°C. The coordination around Mo2 is complex and very similar to that 
reported for W by Hong9 in BauW40 23. As for W, the Mo would adopt a 
polyhedron that could be decomposed into an octahedron and four different 
tetrahedral orientations as shown by Hong9, although other polyhedral 
environments such as square pyramidal M0O5 can not be excluded. One 
problem in this structural model is that the oxygen content is a little 
overestimated. This model leads when freely refined to an oxygen content 
of 24.5 O per formula unit which would suppose an unphysical oxidation 
state for the Mo of greater than +6. As this is not physical reasonable, the 
oxygen content was fixed to 23 O as in the fully oxidised formula 
SrnMo4023, though the fit was slightly worse (x2 (24.50) = 1.354 vs % 
(230) = 1.538) Table 4 shows the bond length for the cubic model for
SrnMo4023-
Table 4. Refined bond lengths distances for Sr ¡¡Mo4O2 3  in the F d 3 m 
cubic space group at 600 C.
Bond Distance (A)
Sri O l x 12 2.9714(31)
Sr2 O l x 4 2.6629 (12)
Sr2 O l x 2 2.8972 (31)
Sr2 0 2 x 2 2.485 (8)
Sr2 0 3  x 4 2.4875 (32)
Sr2 0 4  x 2 2.784(13)
Sr2 0 4 x 4 3.2278 (21)
Sr3 O l x 3 2.6489 (25)
Sr3 0 2 x 6 2.714(4)
Sr3 0 3  x 6 2.999 (1)
Sr3 0 4 x 3 2.097 (20)
Mol 0 1 x 6 1.9007(20)
M o2_02 x 6 1.853 (6)
Mo2 0 3 x 6 1.868 (6)
M o2_04 x 6 1.826(18)
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Figure 16. (a) Refined structure o f Sri ¡M04O23 in the cubic F d 3m space 
group, (b) Refined structure showing only the Mo positions. Black spheres 
are Sr, blue spheres Mol at the centre o f an octahedron and red spheres 
Mo2 at the centre o f a complex oxygen polyhedron.
I l l
6.5. Conclusions
SrnMo40 23 was successfully synthesised and it has been shown that 
it is the main phase in the named-“Sr3M o06” oxide discovered in the 70’s. 
The NPD data can be Le Bail fitted using a triclinic cell PI with the 
parameters a = 20.1720 (1) A, b = 20.1463 (1) A, c = 20.1323 (1) A, a = 
33.505 (1) °, |3 = 33.456 (1) 0 and y = 33.336 (1) °. This complexity can be 
related to the presence of several defects and twining phenomena in the 
structure observed by HREM images. Further studies are ongoing in order 
to find a correct structural model for this compound at room temperature.
The presence of a structural transition between 500 °C and 600 C 
from this complex structure to a simpler structure is observed from NPD
data. This high temperature phase can be refined in a cubic Fd 3 m space 
group with a = 16.5571 (1) A. This structure is similar to the one described 
by Hong et al. for the analogous compound BanW40 23.
Finally, Srn Mo40 23 has been studied by AC Impedance 
Spectroscopy and it was shown to be an ionic conductor behaviour over the 
500-600 °C temperature range, with an oxide ion conductivity of 10 S cm .
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Chapter 7:
Synthesis and characterisation 
in the doping of the 
Ruddlesden-Popper system 
LaSrAlC>4
7.1. Introduction.
Ruddlesden-Popper (R-P) phases o f general formula An+iBn03n+i 
have been the subject of considerable research1,2 and are described in detail 
in section 1.3.2. They can be described as perovskite-like blocks n octahedra 
thick, separated by a rock-salt-type (A20 2) layer. Perovskite exemplifies the 
n = oo end member, whilst K2NiF4 exemplifies the n =1 structure. LaSrA104 
has been reported to adopt the K2NiF4 structure (Figure 1). LaSrA104 
shows a n-type conduction at low oxygen partial pressure and a p-type
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conduction close to p(0 2) = l 4, though the parent compound is highly 
insulating at low temperature making these measurements rather difficult.
Figure 1. Schematic illustration o f LaSrAl04 where AlO(, octahedra are 
drawn in blue and the (Sr,La) in green and the oxygen in red.
Magnesium doped compositions compensated by lanthanum for 
strontium substitution with the general formula Lai+xSri-xMgxA li-x04 (0 < x 
< 0.7) have recently been reported as promising ionic conductors5'7. In these 
compounds the magnesium is introduced in the B-site of the R-P structure 
without any significant change in the K^NiF^type structure due to the 
charge compensation by varying the Sr/La ratio. In addition, 
(La,Sr)3(Fe,Ni)207^8 and La„+iNi„03n+i9,10 have been reported as promising 
materials for solid oxide fuel cells cathodes. In these materials the variable 
nature of the Ni oxidation state can lead to the presence o f oxygen 
interstitials or vacancies and increasing both electronic and ionic
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conductivity. La2Ni04+s is a typical example of this kind of materials where 
the possibility o f oxidation states higher than nickel 2+ lead to an excess 
oxygen (8 < 0,14), improving considerably their properties as mixed 
conducting oxides11.
This chapter will discuss attempts to dope on the B-site of the 
LaSrA104 system with cations such as Ni2+, Co3+, Ti4+. This doping leads to 
the formation of materials with general formula Lai +X Sri-xBxAL-xCL+s for 
which values 0 < x < 0.4 were attempted. The aim of the introduction of 
these cations is the improvement of the electrical and ionic conductivity by 
means of the introduction of this 3d cations elements and the creation of 
oxygen vacancies or interstitial oxygen by adjusting the oxidation of these 
cations introduced. Two new materials Lai.iSro.gNio.iAlagCL+s and 
Lai.2Sro.8Nio.2Alo.804±s were synthesised and the structural data and physical 
characterization for both materials are presented.
7.2. Experimental.
Lai+xSr,-*BxAl,-x04 (B = Ni 2+, Co 2+, Ti 4+ ) for values 0 < x < 0.4 
were prepared by direct reaction of La2C>3, SrCC>3, C03O4, T i0 2, NiO and 
A120 3 in stoichiometric quantities. The powders were ground in acetone in 
order to improve the homogeneity of the mix. Once the acetone was 
evaporated the powders were pressed into pellets and calcined at 900 C for 
8 h and 1300 °C for 24 h. Then, the samples were ground again, pressed into
178
pellets and refired at 1300 °C for 24 h. Finally, the materials were ground 
again, pressed into pellets and calcined at 1300 °C for 24 h.
In order to do the physical measurements the materials were ground 
again and uniaxilly pressed into pellets under 300 MPa pressure. The pellets 
were sintered at 1320 C for 24 h. The relative densities of the pellets were 
calculated according to their weight and dimension. Density values of 70 % 
were obtained for both materials.
Samples were prepared for synchrotron X-Ray diffraction in a 0.5 
mm capillary and data were collected at room temperature on Station 9.1 of 
the SRS, Daresbury Laboratories, at a wavelength of 0.801717(1) A.
Other experimental information can be found in chapter 2.
7.3. Results.
Powder X-Ray diffraction patterns of La i +xSri-xNix A1 [.x0 4 (LSNAO) 
for 0 < x < 0.2 show that these samples are single-phase having the 
tetragonal I4/mmm crystal structure of the n=l member of the Ruddlesden- 
Popper series. For 0.3 < x < 0.4 significant “LaA103”-type and La20 3 oxides 
impurities are present. Figure 2 shows a comparison between the four 
samples in the system LSNAO. In the other cases, Lai+xSri.xBxAli.x0 4 (B = 
Co 2+, T i4+) for values 0 < x < 0.4 and Lai+xSri_xNixAli.x0 4 for values 0.3 < 
x < 0.4, the formation of a Ruddlesden-Popper phase was observed, 
however in all case a significant amount of “LaA103” type phases and other 
unidentified impurities were always observed. Attempts to improve the
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homogeneity of the mixture and avoid the formation of LaA103 by ball 
milling proved unsuccessful and the presence of the LaA103 as impurity was 
not reduced significantly. Further characterisations was not carried out on 
these materials due to the impossibility of de-convoluting any observed 
properties from those of doped LaA103 .
Figure 2. XRD patterns for the system LSNAO for 0 <x <0.4. The level of
the “LaAlOf’ impurity increases as x increases. The peaks marked with a
star correspond to silicon ("Si-640c-NIST standard ).
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Figure 3. Rietveld refinement o f Synchrotron X-Ray o f LSNAO_0.1. Crosses 
are observed data, the solid red line is the calculated pattern and the blue 
line is the difference. The tick marks correspond to Bragg reflections.
The samples with composition Lai+xSri-xNixAlx0 4 (LSNAO x = 0.1, 
0.2) were analysed by EDS. The results of this analysis confirmed its 
homogeneity and the correct cation ratio in both materials.
Rietveld refinements of Synchrotron X-Ray data confirmed the 
structural model with space group I4/mmm for La1.1Sro.9Nio.1Alo.9O4 
(LSNAO_0.1) and Laj.2Sro.8Nio.2Alo.sO4 (LSNAO_0.2) (Figure 3 and 4). 
Satisfactory y2 values were obtained for both materials, x2 = 2-800 for 
LSNAOJL1 and ¿=3.117 for LSNAO_0.2. Table 1 and Table 2 show the 
refined parameters, refined cell and atomic parameters respectively. In the 
case of LSNAO_0.1 no additional reflections stemming from impurities are 
observed. On the other hand, in the case of LSNAO_0.2, a minor “LaAlOs”- 
type oxide impurity was also included in the refinement and the impurity
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contents (wt %) were determined directly from the Rietveld refinement 
obtaining a result of 2.91 (11) % weight per cent “LaA103”-type oxide.
Figure 4. Rietveld refinement o f Synchrotron X-Ray of LSNAO_0.2. Crosses 
are observed data, the solid red line is the calculated pattern and the pink 
line is the difference. The upper set o f tick marks correspond to the positions 
of the Bragg peaks for “LaAlOf’-type oxide impurity and the lower ones 
correspond to the Bragg peaks for La1.2Sro.8Nio.2Alo.sO4. The phase fraction 
for “LaAlOf’-type oxide from the refinement is 2.91 (11) %■
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Table 1. Refined parameters and refined cell constants for LaSrAlO?, 
LauSro.9Nio.1Alo.gO4 (LSNAOJO. 1) and La1.2Sro.sNio.2Alo.8O4 (LSNAO_0.2).
LaSrA1047 LSNAO JU LSNAO_0.2
wRp (%) — 8.87 7.75
Rp (%) - 7.02 6.7
X2 — 3.344 2.8
Rr2 (%) — 2.86 3.98
a /Â 3.7564 3.7670 (1) 3.7789 (1)
c /Â 12.6357 12.6505 (1) 12.6575 (1)
V / Â 3 178.3 179.513 (3) 180.745 (4)
Table 2. Refined atomic parameters for both LSNAO_0.1 and LSNAO_0.2 
oxides in the tetragonal I4/mmm space group.
LSNAO JU LSNAO JU
L a/Srl 4e (OOz)
z 0.3592 (1) 0.3599 (1)
U 0.0061 (2) 0.0097 (1)
Al/Ni 1 2a (1/2 1/2 1/2)
U 0.0041 (7) 0.0034 (3)
O l  4d (1/2 0 1/2)
U 0.0080 (13) 0.0144(10)
O 2 4e (0 0 z)
z 0.1640 (3) 0.1642 (3)
U 0.0191 (14) 0.0165 (10)
TGA experiments were carried out for both compositions under both
oxidised and reduced atmospheres in order to establish if oxygen vacancies
•2+
or interstitial oxygen were present in these materials. Both oxidation of Ni 
to Ni3* or reduction to Ni+ are possible which would create oxygen 
interstitial or oxygen vacancies respectively. Reduction is much less likely
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though there are some examples13 so the interest is to create interstitial 
oxygen. No significant weight loss or gain (0.15 % expected for full 
oxidation to Ni3+ and 0.02 % observed, which is close to the instrumental 
error +/- 0.02%) was observed.
The oxidation state appears to be close to +2 as confirmed by the 
XAS data (Figure 5) which shows nearly the same absorption edge energies 
(8345.1 eV for LSNAO_0.1 and 8345.5 eV for LSNAO_0.2) for both 
LSNAO materials (8345.1 eV and 8346.9 eV were observed for La2N i0 4 
and LaSrNi04 respectively).
The electrical conductivities of LSNAO_0.1 and LSNAO_0.2 were 
investigated by AC impedance spectroscopy and DC electrical conductivity 
measurements. Figure 6 and 7 show AC impedance spectroscopy 
measurements for LSNAO_0.1 and LSNAO_0.2 at 300 °C. In the case of 
the lower nickel content LSNAO_0.1, only one semicircle typical of an 
ionic conductivity contribution is observed. The capacitance values are also 
indicative o f the bulk response (2.16 x 1 0 12 F/cm at v = 10 Hz) at high 
frequencies and grain boundary response (3.80 x 10 10 F/cm at v = 1 Hz) at 
low frequencies. LSNAO_0.2 is significantly more conducting. From the 
capacitance values, this conductivity can also be interpreted as a bulk 
response (5.43 x 1 0 12 F/cm at v = 106 Hz) at high frequencies and as a grain 
boundary response (1.04 x 10 8 F/cm at v = 1 Hz) at low frequencies. Due to 
the high conductivity of these materials AC impedance spectroscopy is not 
reliable at high temperature and thus duplicate DC measurements were 
carried out at high temperature.
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Figure 6. Two-probe AC Impedance spectroscopy plot for LSNAO_0.1 
material at 300 °C. The capacitances values for different frequencies are
marked on the figure.
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Figure 7. Two-probe AC Impedance spectroscopy plot for LSNAO_0.2 
material at 300 °C. The capacitances values for different frequencies are 
marked on the figure.
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Figure 8 shows a representation of the conductivity against the temperature. 
These data yield equivalent overall resistivities to Impedance Spectroscopy 
(IS) data. It can be seen how the conductivity increases with the temperature 
as a typical behaviour of a semiconductor material. It can also be observed 
that the conductivity increases with the level of nickel doping.
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Figure 8. Four-probe DC resistivity measurements for both LSNAO_0.1 
and LSNAO_0.2 materials showing the increase o f the conductivity as the 
temperature and level of nickel doping increases.
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7.4. Discussion.
The variations of the unit cell volume for LSNAO_0.1 and 
LSNAO_0.2 at RT are shown in Figure 9 and compared with the undoped 
material. It can be seen that both the unit cell volume and a and c 
parameters increase steadily with increasing Ni content. This data confirms 
the introduction of nickel species and the substitution of Ni2+ for Al3+ due to 
the larger ionic radius of Ni2+ (0.69 A) in comparison with A1 (0.53 A).
Table 3 shows the refined bond lengths and calculated bond valence 
sums for LSN AO JU and LSNAO_0.2. It can be seen how the distances 
Sr-O, La-O, N i-0  and A l-0  increases as the level of nickel increases.
It could be expected that we could have a level of oxidation in the Ni 
similar to the one found in the case of the well-known solid oxide fuel cell 
compound La2N i04+8 where a oxidation state for the nickel close to 2.3 (30 
% of Ni3+ and 70 % of Ni2+) is observed . It can be seen from the bond 
valences sums how there are significant local distortions, therefore in the 
average structure the aluminium is underbonded and the nickel is 
overbonded as the XAS data show that the nickel is close to 2+ though 
possibly slightly shifted. These data are consistent with the absence of 
excess oxygen found by the TGA measurements. We can therefore conclude 
that the Nickel oxidation state is close to 2 and the oxygen stoichiometry 
close to 4 for both materials.
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Table 3. Refined bond lengths and calculated bond valence sums for both 
LSNAOJO.I and LSNAO_0.2.
Bond (A) LSNAOJhl LSN A O JU
Sr-Ol x 4 2.5921 (5) 2.5915 (4)
Sr-02 x 4 2.6791 (4) 2.6893 (5)
Sr-02 x 4 2.47 (5) 2.477 (4)
La-Ol x 4 2.5921 (5) 2.5915 (4)
La-02 x 4 2.6791 (4) 2.6893 (5)
La-02 x 4 2.471 (50) 2.477 (4)
A ll-O l x 4 1.8831 (1) 1.8894 (1)
A ll-0 2  x 2 2.075 (4) 2.0780 (4)
Ni-Ol x 4 1.8831 (1) 1.8894 (1)
N i-02 x 2 2.0751 (4) 2.0780 (4)
SrBVS 2.37 (2) 2.35 (2)
LaBVS 2.75 (2) 2.71 (2)
A1BVS 2.55 (1) 2.51 (1)
NiBVS 2.79 (1) 2.75 (1)
Both LSNAO materials were studied by AC impedance 
spectroscopy and DC resistivity measurements in order to characterize their 
physical properties. It was found from the four-probe DC conductivity 
measurements (Figure 8) that these materials are moderate electric 
conductors (6.18 x 10'3 S/cm LSNAO.O.l at 783 °C and 1.08 x 10'2 S/cm 
for LSNAO_0.2 at 813 °C) and the introduction of Ni in the LaSrA104
structure increases its conductivity.
From the data given above it appears that the conductivity is mainly 
electronic and that very little ionic conductivity has been introduced. Figure
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10 and Figure 11 show log conductivity versus the inverse of the 
temperature for both materials. The activation energy can be calculated from 
the DC measurement data using the Arrhenius equation (1):
Loe o  = A ------ where k is the Boltzman constant. (!)
5 kT
Figure 10. Logarithm o f the conductivity versus the inverse o f the 
temperature for LSNAO_0.1.
In both cases two different slopes were observed, at high 
temperature and at low temperature. The values of activation energy are 
0.341(2) eV at low T and 0.238(3) eV at high T for LSNAO_0.1 and 
0.222(2) eV at low T and 0.198(6) eV at high T for LSNAO_0.2. These
191
values are lower than would be expected for a typical ionic conductor.
Given the lack of evidence for oxygen nonstoichiometry it’s reasonable to
assume that the conductivity observed is dominated by the electrical
contribution due to the nature of the nickel.
Figure 11. Logarithm o f the conductivity versus the inverse of the 
temperature for LSNAO_0.2.
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7.5. Conclusions.
Doping in the system Lai+xSri-xBxAli-xCL (B -  Ni2+, Co , Ti ) for 
values 0 < x < 0.4 was studied in air. Two compositions were successfully 
synthesized and characterised, La1.1Sro.9Nio.1Alo.9O4 and 
La1.2Sro.8Nio.2Alo.8O4. Synthesis of compounds with different cation such as 
Co or Ti and larger values of x, in the case of the Ni did not succeed. The 
materials adopt a tetragonal structure in the space group I4/mmm typical of 
the Ruddlesden-Popper family compounds. It has also been shown that these 
compounds do not present any significant value of interstitial oxygen or 
oxygen vacancies.
These materials show a significant increase in the electric 
conductivity in comparison with the parent material. This electrical 
conductivity behaviour is due to the nickel. AC impedance spectroscopy and 
DC resistivity measurements on both LSNAO_0.1 and LSNAO_0.2 are 
consistent with the materials being electric conductors without any 
significant ionic contribution.
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Chapter 8:
Bi8Cr7022.5 and 
Bii7 Cr8Sr7 0 4 4 .5 : Complex 
intergrowths derived from 
fluorite
8.1. Introduction.
Many compounds adopting the fluorite-type structure have been 
reported as promising ionic conductors and as potential anodes for solid 
oxide fuel cells. Amongst these doped-Bi203 oxides such as Bi4Ln2Ü9 (Ln = 
La,Pr,Nd)\ BiiMmMtaQzMm (M = P, V)23, Bi0.775Lao.2250i.54, Bi 
2n+4Mo„06(n+i) (n = 3, 4, 5, 6)5, (Bi20 3)i-x(W03)x6 or Bi0.45Sr2.5Cr1.05O4.957 
have been reported to have promising properties.
Both the Bi-Cr-0 and Bi-Cr-Sr-0 systems have been previously 
studied8,9 and the properties of several compositions reported7’10'12. Several
196
compounds in the pseudo binary system Bi2C>3-Cr203 have also been
13
reported as good ionic conductors Bii-xCrxOi.5+i.5x (0 05 < x < 0.15) , 
Bii4Cr02414, BisCrOis15 and Bi6Cr20 ,516. Figure 1 shows the pseudo binary
Figure 1. Pseudo binary phase diagram in the Bi203-Cr203 system reported 
by Masuno et a t. The highlighted area is the subject of the current study.
In this chapter, an investigation in the ternary Bi203-Cr2C>3-SrC) 
system will be presented.
8.2. Experimental.
Bi8Cr70 22.5 and Bii7Cr8Sr70 44.5 materials were prepared by direct 
reaction of Bi20 3, SrO and Cr20 3 in stoichiometric quantities respectively. 
SrO was prepared by heating Sr02 to 1100 °C for 24 h and was transferred
phase diagram in the system reported by Masuno et al9.
II
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whilst still incandescent into a glove box under an inert atmosphere to avoid 
reaction with atmospheric carbon dioxide and water. The powders were 
then pressed into bars and placed in silica tube. The tubes were then sealed 
under KT4 torr. vacuum and heated to 800 °C for 12 h. Heating and cooling 
to room temperature were performed over a period of 6 h.
Samples for physical measurements were ground again and uniaxilly 
pressed into pellets and bars at a pressure of 300 MPa. The relative densities 
of the pellets and bars were calculated from the dimensions and weight of 
the samples. Densities of 70-75 % were obtained for the material.
Other experimental information can be found in chapter 2.
8.3. Results and discussion.
Several syntheses in the Bi203-Cr203 system were attempted with a 
starting Bi/Cr cation ratio close to 1. Powder X-ray diffraction indicated that 
a single phase was obtained starting with a nominal composition of 
Bio.55Cro.45O1.5. EDS analysis confirmed the cation ratio and the 
homogeneity of the sample. Electron Diffraction (ED) patterns recorded for 
the Bio.55Cro.450i.5 (equivalent to Bi8Cr7022.5) exhibit streaking and diffuse 
features along the c axes which could indicate the presence of defects or 
disorder in the structure (Figure 2). The ED patterns could be indexed based 
on an R centred hexagonal cell lattice parameters a ~ 7.5 A, c -  28 A 
omitting the diffuse features.
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Figure 2. Selected ED patterns for B ig C r^zs  oxide for the [110] (left) and 
[001] (right) projections. Streaking and diffuse features along the c is 
clearly visible on the left
At this point, a close correspondence with Bio.78Sro.4Rh03 was 
noted which has been described in a similar hexagonal cell. Figure 3 shows 
powder X-Ray diffraction pattern for superimposition on the peak position 
for an R3 cell derived from ED. It can be seen that this accounts for the 
sharp reflections but does not explain several broad peaks presents in the 
powder X-Ray diffraction pattern. LeBail fits for the R3 cell did not 
account for some weak peaks as well as the diffuse feature indicating that 
the compound adopts a structure of lower symmetry though attempts to 
index these proved unsatisfactory due to the difficulty in assigning the 
number of peaks under the broad features.
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Figure 3. Powder X-Ray diffraction pattern for BisCr7022.5Tick marks show 
the location peaks for an R3 cell a = b = 7.77181 (381) A, c = 27.70304 
(75) A.
One possible origin of these peaks might be impurity phases or 
complex micro structural effects such as or Bi203 intergrowths. The
possible presence of such impurities and intergrowths was discounted after 
EDS of approximately 50 crystallites revealed no such crystallites or 
secondary phases indicating that the material is compositionally 
homogenous. Prolonged annealing did not lead to the sharpening of these 
peaks.
Due to the inability to improve the quality of Bio.55Cro.450i.5, the Bi- 
Cr-Sr-0 system was investigated in parallel and its analogy with the 
compound Bio.78Sr0.4Rh03 mentioned previously. Several synthesis were 
attempted and EDS showed that a main phase of composition
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Bio.55Cro.25Sro.2oOi.4 was present, however it could not be obtained as a pure 
phase with Bio^Cro^Oi s always present as secondary phase.
Figure 4 shows the powder X-Ray diffraction for the sample with the 
greatest content of Bio.55Cro.25Sro.2oOi.4. Figure 5 shows a comparison of the 
powder X-ray diffraction patterns for Bio.55Cr0.25Sro.2(A.4 and 
Bio.55Cro.45O1.5 given the significant overlap and width of the 
Bio.55Cro.25Sro.20O1.4 peaks it was not possible to index the pattern. In this 
chapter we have been focused on the structural features o f Bi8Cr70 22.5- The 
structural features of this Bio.5sCro.25Sro.2oOi.4 oxide will be investigated in a 
future work.
Figure 4. Powder X-Ray diffraction pattern o f Bio.55Cro.25Sro.20O1.4- The 
asterisk marks the strongest reflection due to the Bio.55Cro.4501.5 impurity.
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Figure 5. Powder X-Ray diffraction patterns o f both Bio.55Cro.45O¡ 5 and
Bio.55Cro.25Sro.2001.4. The arrow indicates the strongest common reflection.
Bi8Cr7022.5 was examined by High Resolution Electron Microscopy 
studies in order to try and better understand its structure. Figure 6 shows an 
image where two different domains, which is consistent with the stacking 
features observed in the ED patterns can be observed. Similar domain 
boundaries are commonly observed and could partially explain the 
difficulties in interpreting the diffraction results.
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Figure 6. High Resolution Electron Microscopy (HREM) images for the 
BiHCr7022 5 oxide showing different domains present in the structure.
Figure 7 shows another HREM image which contains a significant 
number of defects. These defects could also contribute to the broad 
reflections observed by powder X-Ray diffraction. One structural model that 
at least can act as a model for the observed contrast is the presence of 
complex intergrowth between the bismuth based fluorite-type structural 
blocks and a chromium based Cdl2-type layer as it was reported in the case 
of Bio.vsSrtwRhOs by Kobayashi et al.17. This chromium based Cdl2-type 
layer would be the dark lines of contrast in Figure 7. Figure 8 shows a 
schematic drawing o f the idealised structural model. Any final model would 
need to take into account the overall oxygen stoichiometry.
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Figure 7. High Resolution Electron Microscopy (HREM) images for the 
BisCr7022.5 oxide showing different numerous defects present in the
structure.
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Figure 8. Structural model for BisCr7 0 2 2 .s. It is made up of chromium based 
Cdh-type layers in blue and the IH2O3 fluorite-type layer between them.
AC Impedance Spectroscopy measurements were carried out for 
both Bi8Cr70 22.5 and Bii7Cr8Sr7044.5 oxides in order to investigate then- 
conductivity.
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Figure 9. AC Impedance Spectroscopy plots for the BisCr70 22 oxide at 
37 °C, 175 °C, 250 °C and 400 °C.
Figure 9 shows the impedance spectroscopy plots for BisC^C^ 
compound at various temperatures. The compound shows only a very small 
ionic contribution to the overall conductivity observed as a single 
semicircle. At all the temperatures measured the observed conductivity was 
dominated for the electronic contribution to the overall conductivity as 
described in section 2.5.1. The observed response is mainly due to the grain 
boundary response due to the observed capacitance values (1.74 x 1 O'8 F/cm 
at 250 °C). The higher capacitance values observed at low frequencies are 
due to electrode effects.
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Figure 10. Arrhenius plot for the BisCr7 0 2 2 .5.
Figure 10 shows an activation energy plot for the total conductivity 
measured at low frequency (1 Hz). It can be seen that the activation energy 
at high temperature is 0.124 (9) eV which is lower than expected for ionic 
conductors. The conductivity of this compound is 0.162 S cm"1 at 250 °C.
Figure 11 shows the AC Impedance Spectroscopy plots for 
Bii7CrgSr7044 as a function of temperature. The observed semicircles are 
due to the grain boundary response given the capacitance values (3.32 x 10 
F/cm at 453 °C). As in the case of the BigCryC^ oxide, the electrode 
response can be seen at lower frequencies with larger capacitance values 
(2.48 x 10"5 F/cm at 473 °C).
207
Figure 11. AC Impedance Spectroscopy plots for BinCrsSryO^.s at 277 °c > 
453 "C, 542°C and 627 °C.
Figure 13 shows an Arrhenius plot for the total conductivity taken at 
1 Hz for the Bii7Cr8Sr7044.5. It can be seen from the activation energy 
(0.490 (39) eV) that is considerably higher than in Bi8Cr7022.5 and are close 
to those expected for ionic conductors, however further measurements of 
transport number would be required to confirm whether this is ionic 
conductivity.
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Figure 12. Arrhenius plot for BinCraSnOM.s
8.4. Conclusions.
In this chapter, we have investigated both Bi-Cr-0 and Bi-Cr-Sr-0 
systems in an attempt to find new mixed conducting oxides. Two new 
compositions were isolated: B isQ jC ^s and B ii7Cr8Sr7044.5. The former 
appears to be best described as a fluorite-type structure with numerous 
defects. These defects are only poorly ordered leading to diffuse features in 
both the electron diffraction and powder X-Ray diffraction. Currently it is 
suggested that the structure is an intergrowth between the fluorite-type
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layers and the Cdl2-type layers which is consistent with the observed 
micrographs.
The electrical conductivity of both compounds was determined by 
AC Impedance Spectroscopy. For BisC^Oæ the electronic contribution 
dominates in the overall conductivity. BinCr8Sr7044 is much less 
conducting and may show significant oxide ion conductivity At higher 
temperatures the conductivity is dominated by the electronic contribution to 
the overall conductivity.
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Chapter 9:
General Conclusions and 
Perspectives
Solid oxide fuel cells (SOFC) have been the subject of considerable 
amounts of research in the past few years. Solid State Chemistry plays an 
important role in developing materials for uses as cathode and anodes. In 
this thesis, the synthesis, structural and physical characterisation of new 
mixed conducting oxides which could be used as cathodes or anodes for 
solid oxide fuel cells have been presented.
In Chapter 1 a general introduction to solid oxide fuel cells was 
presented, including the potential application of solid oxide fuel cells and 
some structural considerations. Chapter 2 presented the experimental 
techniques used during this thesis.
The bulk of the thesis describes investigations of several 
molybdenum containing compounds. Chapter 3 showed that Sr2MgMo06-8 
adopts a V 2 ap x V 2 ap x 2 ap II superstructure of the simple perovskite 
cell, derived from an a°a°c' tilt system via distortion of the Mg- and Mo- 
centred octahedra. It was also shown that the reduction o f Sr2MgMo06-s 
appears to be correlated with antisite disorder at either point or extended
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anti-phase defects. The degree of reduction is small at temperatures below 
900 °C. Upon further reduction above 900 °C, Sr2M gM o06_5 begins to 
decompose into Sr2.75Mgo.5M01.5O7-* an n = 2 R-P phase and MgO, and Mo 
materials. TEM analysis are consistent with the reduced material which is a 
complex intergrowth since the main phase obtained, Sr2.75Mgo.5Moi.507-6 
seems always to be intergrown with the perovskite starting Sr2M gM o064; 
structure.
Chapter 4 presented the high temperature structural behaviour of 
Sr2MgMo06-s with a phase transition at 200-300 °C from triclinic (II ) to 
cubic ( F m 3 m ) .
Chapter 5 presented the attempted synthesis the R-P n = 2 phase of 
general formula Sr3(MgxMoi.x)207-s which had appeared as an impurity 
phase in the study of the double perovskite Sr2M gM o06-s. It was shown a 
majority phase identified as a n = 2 R-P phase of formula Sr3Mg0.5Moi.5O7-s 
however impurities phases were always present and these were identified as 
Sr2M gM o06-ó and the pseudo-perovskite SrnMo40 23.. TEM investigations 
showed the presence of numerous defects in the n = 2 R-P phase matrix 
which can be identified as n = 1 R-P type or Sr2MgMo06-8 defects. It seems 
difficult to obtain a single phase without the formation of this complex 
intergrowth.
Chapter 6 presented that SrnMo40 23 initially reported as Sr3M o06 
has been isolated and reported as a new pseudo-perovskite type structure 
phase which adopts a complex structure at ambient temperature. This 
structure seems to adopt a complex triclinic cell with the PI space group 
but HREM images evidence numerous defects and twining phenomena
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which highlight the complexity o f this structure. It undergoes a structural 
transition at 600 °C to a simpler structure. This high temperature form can 
be refined in a cubic Fd 3m space group with a = 16.5571 (1) A as cell 
parameter. Sr[iMo4023 was also described as a mixed conductor over the 
500-600 °C temperature range, affording an oxide ion conductivity of 10'3 S 
c m 1. Investigations about the structure of this material at RT are still 
ongoing.
The final two experimental chapters describe work on other systems 
as potential mixed conductors. Chapter 7 described investigations carried 
out in the system La1+xSr,.xflxAli_x0 4 (B = N i 2+, C o 3+, T i 4+) for values 0 < 
x < 0.4. Lai.iSr0.9Nio.iAl0.904 (L SN A O JU ) and La1.2Sro.8Nio.2Alo.8CU 
(LSNAO_0.2) oxides were successfully synthesized and characterised. 
These materials adopt a tetragonal structure in the I4/mmm space group and 
they do not present any significant value of interstitial oxygen or oxygen 
vacancies. These compounds showed a significant increase in the electric 
conductivity in comparison with the parent material. This electrical 
conductor behaviour is due to the nickel. Both LSNAO_0.1 and 
LSNAO_0.2 materials were characterised as electric conductors without any 
or very low ionic contribution.
Chapter 8 presented the synthesis o f both BisCrvCUxs and 
BinCrsSryCXw.s compounds. These compounds can be described as a 
complex intergrowth derivated to the fluorite-type structure with numerous 
stacking defects. In the case of the BisCr7022.5 oxide, it was shown that the 
electrical contribution domains in the overall conductivity (0.162 S cm 1 at 
250 °C). For the BinCrsS^O^s oxide presents a small ionic contribution to
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the overall conductivity at 453 °C (0.00482 S cm'1). At higher temperatures 
the conductivity is dominated for the electrical contribution to the overall 
conductivity. Structural refinements o f these compounds are in progress 
based on a model derived from a complex intergrowth between the bismuth 
based fluorite-type layers and the chromium based Cdl2-type layers like 
observed from HREM images. The structural features of the B ii7Cr8Sr7044.5 
will be also investigated in a future work.
In summary, this manuscript presents several compounds which 
have been characterised as mixed conducting oxides. New oxides and new 
stacking modes have been identified and isolated in the Sr-Mo-0 and Bi- 
(Sr)-Cr-O systems respectively. The latter results open the way to a new 
generation of layered oxides.
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